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FOREWORD

- This is Report No. IITRI-B6058-40 of IITRI Project
B6058 under Contract NAS7-431, entitled "Protective Coatings for
Refractory Metals in Rocket Engines,'" and covers work performed
during the period 13 January 1968 to 13 March 1969. Also summar-
ized in this report is information included in previous reports
B6058-26 and B6058-13.

Personnel who contributed to this project included:
V. L. Hill, Manager, Coatings Research, who was the IITRI Project
Manager; and M. J. Malatesta, Assistant Metallurgist, who acted
as Project Engineer on this program. The cooperation of R. Cannova
of the Jet Propulsion Laboratory, Project Monitor, is gratefully
acknowledged. Y. Harada of the Ceramics Research Division, IITRI,
and Dr. E. V. Clougherty of ManLabs, Inc., kindly supplied carbide-
graphite composites and borides, respectively, for corrosion eval-
uation.

Data are recorded in IITRI Logbooks C16959, C17539, and
Cl7767.

_ - (o
A
V. L. Hill
Manager, Coatings Research

M ors ikl

N. M. Parikh
Director, Metals Research
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ABSTRACT

The objective of this program is to develop coating
systems of refractory metals for use on rocket nozzles for liquid
propellants containing both fluorides and oxygen.

Tungsten, iridium, Ir-33 w/o Re, rhenium, ATJ graphite,
HfC-20 v/o C, TaC-20 v/o C, and ZrBz-SiC—C were evaluated in oxy-
gen, fluorine, hydrogen fluoride, fluorine-oxygen, and hydrogen
fluoride-oxygen atmospheres at 3000°-5500°F. In all environments
iridium and iridium-33Re had the lowest recession rates to their
respective melting points of 4450°F and 4750°F; rhenium had the
lowest recession rates in the combined environments at 5000°F.
Materials which form solid oxides were not resistant to the com-

bined environments.

Development of Ir-Re/Re duplex coatings by slurry tech-
niques was investigated based on previous work on Ir/Re duplex
coatings. Sintering studies showed that Ir-20Re coatings could
be developed using the same technique used for unalloyed iridium.

Sintered carbide coatings based on Hf-10Ta for use on
Ta-10W substrates were investigated. High density coatings could
not be sintered at carbon contents above 4.5 w/o carbon. A duplex
coating process and subsequent carburization was effective in pro-
ducing 20 mil coatings with carbon contents above 5.5 w/o.

Eight rocket nozzles were coated for engine firing tests.
Four of these nozzles are to be fired in hydrazine-nitrogen te-
troxide, and the remaining in a fluorine-containing propellant
system. Tungsten nozzles coated with Ir, Ir/Re, and Ir-20Re/Re
and Ta-10W nozzles with Ir/Re and (Hf-10Ta)C duplex coatings have

been submitted.
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PROTECTIVE COATINGS FOR

REFRACTORY METALS IN ROCKET ENGINES

[T

I. INTRODUCTION

The objective of this program was to investigate and
develop materials and coating systems for use in liquid rocket
combustion products at temperatures above 4000°F. Current em-
phasis is on the development of material systems for use in the
combustion products of fluorine fuels. These environments re-
quire materials capable of resisting the combined effects of
both fluorine compounds and oxygen. Effort in this program was
intended to define the refractory materials capable of with-
standing these environments at temperatures above 4000°F. Sub-
sequently, the compatibility data was translated into the de-
velopment of processes for fabricating rocket nozzles of resistant
materials for rocket engine firing tests.

Effort was directed toward four tasks: (1) corrosion
tests of selected materials in oxygen, fluorine, hydrogen fluoride,
fluorine-oxygen, and hydrogen fluoride-oxygen environments,

(2) development of Ir-33Re/Re duplex coatings, (3) development of
carbide coatinzs, and (4) coating of small rocket nozzles. These
tasks were extensions of previous work to define materials and
coating systems for use in combined fluorine-oxygen environments.
The coatings applied to rocket nozzle components for evaluation
in hydrocarbon and fluorine eungines were based on coatings de-

veloped during previous and current work.

Evaluation of materials in fluorine-oxygen and hydrogen
fluoride-oxygen environmants extended the work in fluorine and
hydrogen fluoride atmospheres to the combined environments. Ma-
terials evaluated included graphites, graphite-carbide composites,
borides, iridium, rhenium, and iridium-rhenium alloys. 1In these




evaluations, tungsten was used as the reference material because
of its lower cost and because of extensive data available on
fluorine corrosion. The exposure temperatures and fluorine-
oxygen ratios were based on data on the combustion product§ of

typical fluorine-containing propellant systems.

Effort on Ir-33Re/Re duplex coatings was an extension
of previous work on Ir/Re duplex coatings. In the latter, addi-
tion of appreciable amounts of rhenium altered the sintering
characteristics of the Ir-33Cu slurry used for iridium coatings.
The Ir-Re coatings gzenerally contained porosity that was not pre-
sent in the iridium coatings of the same slurry composition, and
under the same sintering conditions. Modifications of the metal-
lic vehicle concentrations and sintering conditions required to

obtain high-density Ir-33Re coatings were investigated.

Development of carbide coatings was an extension of the
feasibility studies conducted on hafnium carbide based coatings
(IITRI-B6058-26). Slurry coating studies, in which silicon was
the metallic vehicle, evaluated the effect of slurry composition,
powder particle size, and sintering conditions on carbide coat-
ings, particularly those at 5-6 wt% C. The objective was to de-
velop dense coatings in the 10 to 20 mil range, based on HfC and
modified with TaC or other additions which improve the oxidation-

corrosion behavior.

II.  EXPERIMENTAL PROCEDURE AND RESULTS

A. Oxidation-Corrosion Testing

A —-—— e o ot

Prior to this program, very limited data were available
in literature on the corrosion of refractory materials in fluorine
or hydrogen fluoride. A review of the available information was
presented previously in IITRI—B6OS8-13.(1) Most of the data were
for oxides, <uraphite, or the refractory metals tantalum and tung-

sten, and were zenerally obtained in static tests or by thermody-




namic calculations. Comprehensive data on corrosion at high gas
velocities and/or over a range of temperatures, did not exist.

During previous phases in this program, a number of re-
fractory materials were evaluated in high-velocity fluorine and
hydrozen fluoride environments at 2500 to 5200°F.(1’2) Materials
evaluated include refractory metals and alloys, zraphites, car-
bides, borides, and composite materials, The majority of these
tests were conducted in argon-6.5% fluorine and argon-10% hydro-
gen fluoride. Generally, the results demonstrated that the cor-
rosion rate of most materials was less in hydrogen fluoride than
in fluorine. Also, many materials exhibited decreasing corrosion
rate with increasing temperature in fluorine at a constant gas-
flow rate. This effect was due to a decrease in the stability of
the fluoride reaction products at high temperatures,

Corrosion testing during the current program consisted
of the following:
1. Extension of corrosion data for selected
materials in fluorine and hydrogen fluo-

ride to higher temperatures than previ-
ously investigated.

2. Measurement of the rate of oxidation of
these materials at 3000-5800°F.

3. Evaluation of these materials in combined
fluorine-oxygen and hydrogen fluoride-
oxygen atmospheres.
Corrosion data previously obtained in fluorine and hy-
drogen fluoride were limited to 4000°F for nonmetals and about
5200°F for refractory metals. This was due to the input power of

the 2.5 kw induction unit.

During the current program, a 5 kw induction unit was
installed in the fluorine corrosion test facility. This permit-
ted evaluation of graphite, carbides, and borides at temperatures
to 5000°F, and refractory metals to about 5800°F. Accordingly,
corrosion data in 6.5 v/o fluorine and 10 v/o hydrogen fluoride
were obtained up to these temperatures or to the melting points

for the materials evaluated in the current program.




Measurement of oxidation rates was intended to provide a
means of comparison of the surface recession rates in the individ-
ual gases with the combined atmospheres. Oxidation data existed
in the literature for the tungsten and graphite materials tested
in this program. However, these data did not include the tempera-
ture ranges, gas flow rates, or oxygen pressures of interest.
Therefore, all of the materials evaluated in this program were ex-
posed in argon containing 0.56 to 5.4 v/o oxygen at temperatures
to 5800°F. As will be discussed subsequently, the oxygen concen-
trations employed were predicated on the volumetric concentrations
used for the combined tests.

The environments selected for evaluation of materials in
combined fluorine-oxygen and hydrogen fluoride-oxygen were based
on both the previous data in fluorine and hydrogen fluoride and in-
formation on the reaction products of OFZ/B2H6 combustion obtained
from the Jet Propulsion Laboratory. In the combined tests, fluo-
rine and hydrogen fluoride concentrations were fixed at 6.5 and 10
v/o, respectively, to provide a comparison with previous corrosion
data. Oxygen ratios were then selected based on combustion data
for an OFZ/B2H6 engine operating at a chamber pressure of 100 psi
and mixture ratios of 4 and 6. These mixture ratios correspond to
maximum Specific impulse and maximum flame temperature, respective-
ly. Under these combustion conditions, the ratios of the mole
fractions of hydrogen fluoride to atomic oxygen were 20:1 and 4:1
for mixture ratios of 4 and 6, respectively. The corresponding ra-
tios of atomic fluorine to atomic oxygen were 1.6:1 and 1.2:1. Com-
bining these ratios with the fixed concentrations of 6.5 v/o fluo-
rine and 10 v/o hydrogen fluoride, the oxygen concentrations were,
therefore, 0.56 and 2.3 v/o in tests with 10 v/o hydrogen fluoride,
and 4.0 and 5.4 v/o in tests with 6.5 v/o fluorine. These ratios
were used for all combined fluorine-oxygen and hydrogen fluoride-
oxygen tests. A summary of volumetric concentration, and corre-
sponding flow rates, for all oxidation-corrosion atmospheres is
presented in Table I. Since all tests were at a total flow rate of
10 c¢fh, conversion of volume present to flow rate in cfh is ob-

tained by simply dividing by 10.




TABLE I

COMPOSITION OF ATMOSPHERES
EMPLOYED FOR OXIDATION-CORROSION TESTS

Corrodent Corrodent Gas Flow Rate, cfh
Test Concentration, Fluorine or
Atmosphere v/o” Hydrogen Fluoride Oxygen
Oxygen 2.3 -- 0.23
4.0 -- 0.40
504 - 0.54
Fluorine 6.5 0.65 -
HF 10 1.0 --
Fluorine-Oxygen 6.5F2—4°OO2 0.65 0.40
6.5F2-5./+O2 0.65 0.54
HF-Oxygen lOHF-O.5602 1.0 0.056
10HF-2.30, 1.0 0.23

+Total flow rate 10 cfh.

Remainder argon.




1, Testing Methods

During previous work on this program,(l) a test facil-
ity was constructed capable of evaluating the corrosion resist-
ance of refractory materials in flowing fluorine at temperatures
to 5200°F under variable flow conditions. This facility and the
test methods developed previously were also employed for corro-
sion tests in this program. The test facility is shown in Fig-
ure 1. Test samples 0.5 x 0.5 x 0.125 in, thick were heated by
self-inductance in a thick-walled stainless steel chamber using
a 2.5 kw induction unit. Thus, the maximum temperature limit
was defined by the material under test and the input power. Met~
als were tested at temperatures to 5200°F and nonmetallic materi-
als (carbides, graphite) to %000°F. A 5 kw induction unit was
installed in the corrosion facility during the current program.
This modification permitted testing of metals to about 5800°F,
and nonmetals to about 5000°F. Temperature measurements were
made optically through a top sight glass which permitted visual
observation of specimen deterioration during exposure.

A schematic diagram of the test chamber is shown in
Figure 2. Argon and the corrosive gases are metered in precision
flow meters and premixed before entering the nozzle assembly,
Fluorine is passed through a sodium bifluoride trap to remove re-
sidual hydrogen fluoride prior to entering the fluorine-flow
meter. This is necessary to eliminate reaction with the pyrex
flow meter. Kel F flow meters are used for metering hydrogen
fluoride. The nozzle assembly consists of thick-walled stainless
tubing swaged to obtain a 0.036 in. exit nozzle. During testing,
the nozzle exit was maintained at a distance of 1 in. from the
test specimen. Test specimens are supported in the induction
coil by a 0.125 in. tungsten rod, which is split to minimize the
contact area and stabilize the test specimen. Exiting reaction
products are passed through an activated charcoal absorption

column prior to exhausting through a laboratory hood.
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The following conditions for corrosion tests were con-
stant during most of the tests: (1) nozzle distance, 1 in.; (2)
total flow rate, 10 cfh; (3) exposure time, 5 min; and (4) nozzle
exit velocity, 400 fps. Deviations were made only in specific
cases where the effects of variations were examined. -The test
procedure was constant for the various corrosion tests.\Test sam-
ples were heated to the exposure temperature with only the argon
flowing. After stabilization of the sample temperature, the flu-
orine, hydrogen fluoride, and/or oxygen was introduced. Normally,
this did not result in significant variation of the sample temper-
ature since argon represented the major portion of the gas stream.
In some cases, it was necessary to reduce the exposure time to 3
min because of extensive attack of the test sample, but this gen-
erally occurred only in tests with the highest concentrations of
fluorine-oxygen. It is possible that the shorter exposure time
may have influenced data scatter for some of the materials. On
the other hand, increased exposure times were also employed for
iridium alloys because of very low weight loss. Exposure times
of up to 10 min were used for these alloys to obtain a higher to-

tal weight loss for recession rate calculations.

The surface recession rates contained in this report
were calculated from weight loss of the normally 0.5 x 0.5 x 0.125
in. thick test samples, assuming a linear time dependence of the
weight loss. Surface recession rates were therefore obtained by
the following calculation:

% 109

Recession rate (mils/min) = 7 52wApt

where

Aw = weight loss (g)
p = actual sample density (g/cm3)
A = effective sample area (cm™)

t = exposure time (min)



The effective surface area was obtained using one of the
0.5 x 0.5 in. surfaces (location of direct gas impingement) and
the four 0.5 x 0.125 in. edges of the test sample. This is con-
sistent with the observed location of attack on all test samples.
Attack of the corrodent gases was usually not uniform over the test
sample; material removed was maximum at the center of the 0.5 x
0.5 in. surface where direct gas impingement occurred. Thus, test
samples tended to have a concave top surface after exposure. This
concave top surface is described as 'ecratering' in the following

discussion.

The effect of nozzle distance on the surface recession
of tungsten in argon-6.5 v/o fluorine at 4000°F is summarized in
Table II and plotted in Figure 3. As expected, the corrosion rate
increases with decreasing nozzle distance, since less bypass and
higher gas velocity should obtain at a decreased nozzle distance.
The results indicate that only minor variations in corrosion rates
existed for nozzle distances of around 1 in. Therefore, a 1 in.
torch distance for samples near the nominal size is optimum to ob-
tain the objective of the highest possible gas velocity and nozzle
like. At the 1 in. nozzle distance the gas velocity across the
sample surface should be only slightly less than the nozzle exit
velocity (400 fps).

Also plotted in Figure 3 is the maximum recession rate
obtained by micrometer measurements of the minimum thickness of the
test samples after exposure. Although these measurements are prob-
ably not as accurate as weight loss, it is apparent that 'crater-
ing'" increases rapidly at distances less than 1.5 in. This sug-
gests that the fluorine-tungsten reaction rates are very rapid., If
this were not the case, cratering would be less significant since
material removal would tend to be more uniform over the test sample.
The factor for conversion from the average surface recession to the
maximum depth for a 1 in. nozzle distance is approximately 2.5 to 3.
This value compares reasonably well for most of the materials tested
in this program, at least for those materials with average corrosion

rates above approximately 1.5 mils/min.

10



TABLE II

EFFECT OF NOZZLE DISTANCE
ON THE CORROSION RATE OF TUNGSTEN

IN ARGON-6.5 v/o FLUORINE MIXTURES AT 4000°F*

.

Maximum
' Calculated Measured
Nozzle Weight Specific Average Surface Surface
Distance, Loss, Weight Loss, Recession Rate, Recession,
in, g mg/cmz/min mils/min mils/min
0.75 1.904 140.0 2.9 9.3
1.0 1.787 128.6 2.6 6.8
1.25 1.739 130.5 2.7 6.2
1.25 1.896 137.0 2.8 6.3
1.5 1.587 119.5 2.4 4.6
1.75 1.504 109.0 2.2 3.8
1.75 1.690 120.5 2.5 4.3
2.5 1.518 109.0 2.2 3.0
3.0 1.166 90.5 1.8 2.5
3.0 1.274 9.5 1.9 2.4

* Total flow rate 10 cfh; fluorine flow rate 0.65 cfh.
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Figure 3 indicates the difficulty in measuring the cor-
rosion rate of gas-metal reactions by micrometer measurement of
the surface recession on a flat test sample. The geometry of the
test sample becomes important in the recession rate determination.
Obviously, one reason for the observed ''cratering' is the gas
Stream-sample geometry relationship for a fixed L/d ratio nozzle.
As the nozzle distance is decreased, the area of projection of
the major portion of the gas stream on the test sample is also
decreased. Furthermore, flow through the nozzle is probably not
uniform; a velocity gradient exists across the nozzle. Both of
these factors result in a decrease in the concentration of unre-
acted fluorine at the edges of the test sample. Since the corro-
sion rate is a function of the fluorine mass-flow rate and the
reaction rates are apparently rapid, preferential attack occurs
at the center of the test sample where the fluorine concentration
is at a maximum. This will occur if the reaction time is small
compared to the dwell time of fluorine molecules on the reaction

sur face.

The above discussion indicates that the primary parame-
ter is the flow rate of fluorine per unit area. Measurement of
the recession rate at the point of most rapid attack (center) re-
sults in a recession rate that is too high in relationship to the
average rate of delivery of the reactive gas. A better measure
of the recession rate under specified flow conditions is to aver-
age the corrosion over the effective area of attack. Obviously,
this can lead to a calculated rate which is too low if the effec-
tive surface area of the sample is such that all of the available
reactant gas is used in the reaction. This is not the case for
the test conditions described herein, since calculations, assum-
ing a reaction product WFe s indicate that more than one-half of
the available reactant gas remains after reaction with the test

samples.

A summary of the high-temperature materials tested dur-

ing the current program is given in Table III. The melting points
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TABLE ITIL

MATERIALS SELECTED FOR
CORROSION AND OXIDATION EVALUATION

Material

Tungsten
Rhenium
Iridium
Ir-33Re

ATJ Graphite
HfC-33 v/o C
TaC-20 v/o C
ZrB2~SiC—C

_Melting Point

°C °F Emittance Reference
3410 6170 0.35 3
3180 5755 0.40 3
24,54 4450 0.30 3
2800 5070 0.35 4
3727 6740 0.85 5
3150 5734 0.85" 6
3450 6274 0.85" 7
24007 4350 0.85" 3

+Estimate based on decomposition temperature of SiC.

o

riy
Estimated.
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listed are the best available data for the various materials. In
some cases, accurate melting point data are unavailable, particu-
larly for the more complex materials. Consequently, the listed
values for these materials are estimated from data on their com-

ponents.

Exposure temperatures for fluorine and hydrogen fluo-
ride corrosion tests given in this report are optical tempera-
tures corrected for emittance of the material. Optical correc-
tions were applied to all exposure temperatures based on the
emittance values given in Table II1. In the case of carbide and
boride composites, accurate emittance data were unavailable. As
a result, the estimated emittance may have been high, as will be
discussed with the data for these materials.

Corrosion rates in fluorine and hydrogen fluoride meas-
ured previously, along with additional data in these gases ob-
tained in the current program, are given in graphic and tabular
form. This is intended to provide a comparison of the corrosion

rates in the various corrodent gases,

A study establishing whether the corrodent gases could
be safely premixed upstream of the nozzle was conducted prior to
fluorine-oxygen and hydrogen fluoride-oxygen corrosion tests.
Previously, hydrogen was injected at the nozzle exit in fluorine-
hydrogen tests. However, upon attaching an injection assembly at
the nozzle exit,(z) lower corrosion rates resulted, apparently
caused by a modification of the gas flow path. Accordingly, a
series of corrosion tests were conducted on tungsten primarily at
4000°F to compare the corrosion rates with premixed gases and in-
jected oxygen. The oxidation rate was measured by introducing
oxygen both through the nozzle and the injector.

The results of premixing and injection tests are summa-
rized in Table IV and plotted in Figure 4. Surface recession
data in Figure 4 illustrate lower corrosion rates were obtained
in the combined atmosphere with the injector assembly. Thus, the

15




TABLE IV

CORROSION BEHAVIOR OF TUNGSTEN
IN FLOWING INJECTED AND PREMIXED FLUORINE-OXYGEN(3)

et e

Fluorine Oxygen Specific Surface
Exposure  Concen- Concen- Weight Weight Recession
Temp., tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm®/min  mils/min
Injected Ogygen(g)
3000 - 3.25 0.323 23.2 0.47
4000 - 1.08 0.179 13.0 0.26
4000 - 1.63 0.278 20.0 0.40
4000 - 3.25 0.453 32.7 0.66
4000 - 6.5 0.623 56.5 1.10
5000 - 3.25 0.515 37.4 0.76
4000 6.5 - 1.033 74.8 1.52
4000 6.5 1.08 1.078 78.4 1.59
4000 6. 1.63 1.138 82.1 1.66
4000 6.5 3.25 1.361 99.6 2.03
Nozzle (Premixed) Tests(c)

4000 - 1.08 0.570 45,2 0.92
4000 - 1.63 0.671 50.1 1.04
4000 - 3.25 0.898 114.5 2.32
4000 - 4.0 1.083 131.0 2.66
4000 6.5 1.08 1.886 142.0 2.88
4000 6.5 1.08 1.771 127.2 2.58
4000 6.5 1.63 1.888 135.0 2,76
4000 6.5 3.25 2.128 195.0 3.90
4000 6.5 3.28 2,566 186.1 3.81
4000 6.5 4.0 1.785 215.0 4,38

() rotal flow rate - 10 cfh (400 fps).
(b)Fluorine through nozzle--oxygen through injector.

(C)Fluorine and/or oxygen through nozzle.
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results in fluorine-oxygen correlated with previous data in

fluorine-hydrogen.

Since no difficulties arose by premixing fluorine and
oxygen upstream of the nozzle, all subsequent tests in combined
atmospheres, including both fluorine-oxygen and hydrogen:
fluoride-oxygen tests, were conducted using premixed gases; The
individual gases were metered in their respective supply lines
and combined at the inlet of the nozzle assembly. No difficul-
ties were encountered with this technique during either fluorine-

oxygen or hydrogen fluoride-oxygen tests.

Although the data in Figure 4 are limited, some inter-
esting results are apparent in the combined environments for both
premixed gases and injected oxygen. Addition of up to 1.6 v/o
oxygen to 6.5 v/o fluorine had little effect on the surface re-
cession rate. Both fluorine-oxygen curves show a change in slope
at 1.6 v/o oxygen, and the slope above 1.6 v/o oxygen is about
equivalent}to that of the oxidation curves. Furthermore, the re-
cession rate in the combined environment is less than the alge-
braic sum of the individual recession rates. These results sug-
gested that at low oxygen concentrations, the fluorine-oxygen
ratio may be as important in the corrosion mechanism as the total

combined flow rate.

2. Experimental Results

Oxidation-corrosion tests were performed to compare the
relative resistance of several material classes, which had shown
variable behavior in oxygen and fluorine, in combined atmospheres
under the conditions described in the previous section. The ma-
terials selected included four refractory metals: ATJ graphite,
two graphite-carbide composites,(S) and a boride composite devel-
oped for oxidation and thermal shock resistance.(g)

The refractory metals included iridium, Ir-33Re, rheni-
um, and tungsten. Iridium and Ir-33Re were selected because both

had previously demonstrated resistance to fluorine and hydrogen-
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fluoride at high temperatures(z) and were known to be resistant
to oxygen. Rhenium was chosen because of its usefulness as an
alloying element in the Ir-Re system and moderate resistance to
fluorine and oxygen. Tungsten was selected primarily as a ref-
erence material in spite of poor resistance to both fluorine and

oxygen.,

ATJ graphite, HfC-33 v/o C, TaC-20 v/o C, and ZrB,-
5iC-C, which had previously been evaluated in fluorine and hy-
drogen fluoride, constituted the remaining test materials.
Graphites exhibited reasonable resistance to fluorine and hydro-
gen fluoride but poor resistance in oxygen. On the other hund,
borides exhibited good resistance to oxygen but fair resistance
to fluorine. The carbide composites--TaC-C, which forms a low
melting oxide (~3300°F), and HfC-C, which forms a high melting
oxide (~5000°F)--exhibited reasonable resistance to fluorine

and hydrogen fluoride.

As previously stated, the primary objective of the
corrosion tests was to compare the resistance of materials to
fluorine-oxygen and hydrogen fluoride-oxygen atmospheres at tem-
peratures ranging from 3000°F to individual melting points. The
number of selected materials and atmospheres precluded in-depth
study of oxidation-corrosion mechanisms. Hopefully, however,
insight into fundamental oxidation-corrosion behavior would be
obtained. Such insight would permit prediction of corrosion be-
havior in atmospheres different from those used in this program
and thereby provide a basis of estimating nozzle throat reces-

sion rates in actual rocket engines.

a. Tungsten

The surface recession rates for tungsten in flowing
argon containing 3.25, 4.0, and 5.4 v/o oxygen at 3000°-5000°F
are summarized in Table V and plotted in Figure 5. Previously
obtained recession rates of tungsten in 6.5 v/o fluorine are in-

cluded in Figure 5 for comparison. A greater number of tests in
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TABLE V
CORROSION BEHAVIOR OF TUNGSTEN IN FLOWING OXYGEN(a)

Oxygen Specific Surface
Exposure Concen- Weight Weight Recession
Temp., tration, Loss, Loss, Rate,
° v/o g mg/cm® /min mils/min

o s

3000 3.25 0.718 53.2 1,08
3000 3.25 0.710 52.5 1.07
3500 3.25 1.255 9.8 1.92
4000 3.25 1.777 129.7 2.62
4000 3.25 0.898 114.5 2.32
4500 3.25 0.871 102.0 2.07
5000 3.25 0.951 113.8 2.30
5000 3.25 1.292 105.0 2.15
3000 4.0 0.798 57.4 1.16
3500 4.0 0.909 105.4 2.15
3500 4.0 1.377 166.2 2.18
- 4000 4.0 1.083 131.0 2.66
4500 4.0 1.092 131.8 2.68
4500 4.0 1.131 133.8 2.72
5000 4.0 1.103 130.0 2.64
5000 4.0 1.832 128.1 2.60
5000 4.0 1.767 133.0 2.71
3900 5.4 0.992 70.5 1.43
3500 5.4 0.853 121.0 2.46
4000 5.4 1.187 154.0 3.13
4500 5.4 1.397 164.2 3.32
4500 5.4 1.281 191.0 3.88
5000 5.4 1.520 181.0 3.68
5000 5.4 1.342 186.0 3.80

(@ 76cal flow rate - 10 cfh (400 £ps).
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oxygen were conducted on tungsten and ATJ graphite since these ma-
terials are the reference material for corrosion tests and because
of the data scatter for both materials. The recession rates at
all three oxygen levels indicate that while the oxidation rate at
4000°F is nearly double that at 3000°F, there is little change in
the range of 4000°-5000°F. Furthermore, at 4500°-5000°F the re-
cession rate of tungsten in 3.25 v/o oxygen is about equal to that
in 6.5 v/o fluorine. This could be due to the stoichiometry of
the reaction products formed since the probable reaction products
in oxygen and fluorine are w03 and WF6, respectively. Thus, for a
- constant recession rate, the flow rate of fluorine should be about
twice that of oxygen if stoichiometrically controlled steady-state
equilibrium exists in the gas stream. This may well be the case
since it was shown previously that corrosion rate in fluorine was
‘a linear function of the flow rate.(z) The data in 3.25 to 5.4
v/o oxygen indicate that a similar flow rate dependence exists in

oxygen above 4000°F.

The corrosion behavior of tungsten in 6.5 v/o fluorine,
6.5 v/o fluorine-4.0 v/o oxygen, and 6.5 v/o fluorine-5.4 v/o ox-
ygen in the range of 3000°-5500°F is summarized in Table VI and
plotted in Figure 6. Data in 3.25 v/o fluorine-2.0 v/o oxygen are
included, along with previously obtained corrosion data in 6.5 v/o
fluorine to 5100°F and current data in fluorine to 5500°F. The
new data in 6.5 v/o fluorine illustrate that the corrosion rate
continues to decrease at temperatures above 5100°F. This effect
is due to thermal decomposition of WF6.(2) In contrast, no de-
crease in the recession rate occurs in the combined environment;
both the 4.0 and 5.4 v/o oxygen atmospheres show positive slopes
to 5500°F, As a result, the recession rate in 6.5 v/o fluorine-
5.4 v/o oxygen reaches nearly 6 mils/min at 5500°F. The corro-
sion mechanism is, therefore, not controlled by the observed de-
crease in stability of fluorides above 5000°F in fluorine. This
could mean that oxyfluorides are formed in the combined environ-

ments which offset the effect observed in fluorine.
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TABLE VI

CORROSION BEHAVIOR OF TUNGSTEN
IN FLOWING FLUORINE AND FLUORINE-OXYGEN(a)

Fluorine Oxygen Specific Surface
Exposure Concen-=- Concen- Weight Weight Recession
Temp. , tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm?®/min mils/min
3000 6.5 - 1,713 121.5 2.48
3500 6.5 - 1,718 126.4 2.58
4000 6.5 - 1.787 128.8 2.62
4580 6.5 - 1.747 124.8 2.54
5100 6.5 - 1.214 92.0 1.88
5500 6.5 - 0.460 55.2 1,13
5800 6.5 - 0.252 30.6 0.62
3500 3.2 2.0 1.011 73.5 1.49
4000 3.2 2.0 1.304 93.6 1,91
4500 3.2 2.0 1.270 108.1 2.12
5000 3.2 2.0 1.072 123.0 2.50
3000 6.5 4.0 1.694 209.9 4,26
3000 6.5 4.0 2.507 222.8 4,50
4000 6.5 4.0 1,785 215.0 4,38
5000 6.5 4.0 1.934 238.0 4,80
5500 6.5 4.0 1.759 228.0 4.65
3000 6.5 5.4 2.409 260.2 5.30
4000 6.5 5.4 2.277 276.0 5.62
5000 6.5 5.4 2.306 289.0 5.80
5500 6.5 5.4 2.124 278.0 5.65

(@) 1oral flow rate - 10 cfh (400 fps).
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It is interesting to compare the oxidation-corrosion
rate in 6.5 v/o fluorine-4.0 v/o oxygen with an atmosphere of the
same fluorine-oxygen ratio but one-half the total flow rate. Al-
though the data in 3.25 v/o fluorine-2.0 v/o oxygen are limited,
the corrosion curves at the lower concentration of corrodent gases
indicate a greater positive slope. Thus, the corrosion rate in
the 3.25F2-2.O(& atmosphere approaches one-half that in 6.5 v/o
F2-4.O v/o 0, only above 4500°F. This may be a consequence of the
effect at lower oxygen levels shown in Figure 4. 1In any case, a
reasonable correspondence with total flow rate exists above 4500°F.

The corrosion rate of tungsten in hydrogen fluoride and
hydrogen fluoride-oxygen is summarized in Table VII and plotted
in Figure 7. Previous studies of corrosion demoastrated that the
corrosion rate of most materials in hydrogen fluoride was an order
of magnitude less than in fluorine.(z) This is due to the stabil-
ity of the HF molecule even at very high temperatures. The shape
of the corrosion curves for hydrogen fluoride-oxygen is similar
to that of oxygen (Figure 5). Above 4000°F, there is little
change, especially in 10 v/o HF-0.56 v/o 0,. The findings in the
combined hydrogen fluoride-oxygen atmosphere do suggest that most
of the surface recession is due to oxygen, although some complex
reactions may occur. The corrosion rate in hydrogen fluoride-
oxygen appear to bz higher than would be expected from the oxida-
tion data in Figure 5. Thus, complex interactions between hydro-
gen fluoride and oxygen may occur in the gas stream to effectively
increase the volume fraction of corrodent species.

A simple method of estimating whether significant syner-
gistic effects occur in the combined atmospheres is to compare the
experimental recession rates with the sum of the recession rates
in the individual environments. This technique assumes that the
individual recession rates are additive and that the reaction can
be written as:

W+ Fy + 02-—->-way + wxoy.
or, in terms of recession:

R =R, +R

total
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TABLE VII

CORROSION BEHAVIOR OF TUNGSTEN
IN HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE—OXYGEN(a)

Hydrogen
Fluoride Oxygen Specific Surface
Exposure Concen- Concen- Weight Weight Recession
Temp. , tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm®/min  mils/min
3500 10 -- 0.044 3.09 0.06
4000 10 -- 0.064 4.48 0.09
4500 10 -- 0.052 5.22 0.12
5000 10 -- 0.09 7.05 0.14
5800 10 -- 0.057 7.22 0.15
3000 10 0.56 0.243 18.0 0.37
3500 10 0.56 0.393 28.0 0.59
4000 10 0.56 0.248 30.8 0.62
5000 10 0.56 0.277 35.0 0.71
3000 10 2.3 0.403 36.2 0.74
4000 10 2.3 0.899 66.2 1.35
5000 10 2.3 1.017 94.0 1.92

(8)roral flow rate - 10 cfh (400 £ps).
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This will not occur if (1) a different corrosion product is
formed in the combined environment, (2) interactions in the gas
stream change the concentration of corrosive gaseous species, or
(3) corrosion products are unstable and/or other than gaseous
species. Obviously, the comparison of the experimental and cal-
culated rates will not define which of these synergistic effects
is operative since each could either increase or decrease the
corrosion rate. However, it will define whether any appreciable

combined effects can be expected.

The experimental and calculated corrosion rates at

3000, 4000, and 5000°F are compared in Figure 8. Since data in
0.56 and 2.3 v/o oxygen were not available, these rates were ob-
tained by linear interpolation of data at 3.25, 4.0, and 5.4 v/o
oxygen. The experimental results in both fluorine-oxygen and hy-
drogen fluoride-oxygen are quite similar to the calculated rates,
except for the recession rate in fluorine-oxygen at 3000°F (Fig-
ure 8a). Here the experimental rates are greater than the calcu-
lated rates. This could be due to the formation of oxyfluorides
which are not formed at higher temperatures. A converse effect
is indicated at 4000°F, but it appears to be caused by a single
data point at 3.25 v/o oxygen. This point may be high because of

data scatter,

Calculated surface recession rates in hydrogen fluoride-
oxygen (Figure 8b) tend to be slightly lower than the measured
rates. In this environment, it is possible that interactions
could occur in the gas stream which increases the effective con-
centration of corrodent gases. One such reaction, neglecting

thermodynamic considerations, can be written:
L
2HF + 0, - HZO +F, + 2O2

This reaction could provide a higher corrosion rate in
that fluorine is released at a greater rate than can be obtained
by thermal decomposition of the stable hydrogen fluoride molecule.
However, the reaction should not increase the corrosion rate sig-
nificantly because of the stoichiometry of the fluoride reaction
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product discussed previously. In effect, the corrosive potential
of an atmosphere obtained by the above reaction is about equiva-
lent to that of the initial oxygen concentration. Any increase
in corrosion rate over that of hydrogen fluoride and oxygen
should, therefore, be controlled by the reaction rate with water
vapor and/or hydrogen. Figure 8b does indicate that no appreci-
‘able synergistic effects exist for tungsten in hydrogen fluoride-
oxygen. It appears that surface recession in the combined atmos-

phere is due to oxidation.

b. Iridium

Iridium samples were prepared by cold pressing at 48
tsi and sintering at 3300°F in a vacuum resulting in a density of
about 90%. The corrosion rate of iridium in oxygen, fluorine,
and fluorine-oxygen is summarized in Table VIII. Surface reces-
sion data in fluorine and fluorine-oxygen are plotted in Figure 9.
As expected, the surface recession rates of iridium in 2.3 and
5.4 v/o oxygen were much less than most of the other materials in

the program. Weight losses were often in the range of 1-2 mg.

Oxidation tests were conducted in 10 v/o oxygen and for
exposure times of up to 10 min in order to obtain higher weight
losses. Very small weight losses were also obtained in hydrogen
fluoride-oxygen because of the low oxygen levels used for these
tests. As a result, calculated surface recession rates for irid-
ium do not always indicate clear temperature and/or environmental
trends. They do, however, demonstrate the excellent resistance
of iridium to oxygen, hydrogen fluoride, and at higher tempera-

tures, fluorine-oxygen.

The surface recession of iridium in fluorine and
fluorine-oxygen illustrated in Figure 9 indicates a decreasing
rate with increasing temperature as reported previously for fluo-
rine.(z) The current results demonstrate that iridium shows a
similar behavior in fluorine-oxygen. This can be expected since

the corrosion rate of iridium in oxygen is much lower than in
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TABLE VIII

CORROSION BEHAVIOR OF IRIDIUM
IN FLOWING OXYGEN, FLUORINE, AND FLUORINE-OXYGEN(2)

Fluorine Oxygen Specific Surface
Exposure Concen- Concen- Weight Weight Recession
Temp. , tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm®/min  mils/min
300063 -- 2.3 0.001 0.09 0.002
4000(b) ~- 2.3 0.002 0.19 0.003
4400 -- 2.3 0.005 0.38 0.007
3000 -- 5.4 0.001 0.07 0.002
3500(b) - 5.4 0.002 0.27 0.005
3500 - 5.4 0.007 0.27 0.005
4000 -- 5.4 0.014 1.06 0.019
4400 - 5.4 0.006 1.55 0.027
3000 .- 10 0.004 0.31 0.005
3500 -- 10 0.005 0.45 0.008
4000 -- 10 0.022 1.80 0.032
4400 -- 10 0.032 2,18 0.038
2550 6.5 -- 1.452 131.0 2.29
2730 6.5 -- 1.287 105.0 1.84
3000 6.5 -- 0.791 78.0 1,36
3000 6.5 -- 0.776 68.0 1.19
3000 6.5 -- 0.702 65.5 1.15
3500 6.5 - 0.472 29.4 0.51
3500 6.5 -- 0.220 18.7 0.33
4000 6.5 -- 0.173 15.3 0.27
4400 6.5 -- 0.180 10.2 0.18
3000 6.5 4.0 0.765 60.2 1.05
3500 6.5 4.0 0.385 31.7 0.56
4C00 6.5 4.0 0.221 19.0 0.33
3000 6.5 5.4 0.666 75.5 1.32
3500 6.5 5.4 0.136 22.2 0.39
4000 6.5 5.4 0.139 19.0 0.33
4000 6.5 5.4 0.095 15.7 0.28
4400 6.5 5.4 0.112 16.4 0.29

(8)oral flow rate - 10 cfh (400 £ps).

(b)Ten minute runs.
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fluorine at 3800° to 4400°F. As a result, the recession rates in
the combined environments are very close to the rates in 6.5 v/o
fluorine.

The corrosion behavior of iridium in hydrogen fluoride
and hydrogen fluoride-oxygen are summarized in Table IX. The re-
cession rate in hydrogen fluoride is plotted along with data for
oxygen atmospheres (Table VIII) in Figure 10. Oxygen data are
presented with hydrogen fluoride recession rates because of the
similarity of the measured rates. It is apparent that iridium is
essentially unreactive in 10 v/o hydrogen fluoride to the melting
point (4450°F). Similarly, additions of up to 2.3 v/o oxygen do
not result in any appreciable change in corrosion behavior.

Figure 10 indicates that the oxidation rate in oxygen
does increase appreciably in the range of 3500° to 4400°F at all
oxygen levels, However, the surface recession rate is only about
0.040 mils/min at 4400°F in 10 v/o oxygen. With the exception of
Ir-33Re, this is lower by an order of magnitude than the other

materials tested in the program in 5.4 v/o oxygen.

The very low surface recession rates in oxygen and hy-
drogen fluoride precludes comparison of the measured and calcu-
lated recession rates. In any case, because of higher recession
rates in fluorine, it is apparent that calculated rates must be
comparable to the experimental fluorine rates. Recession rates
in oxygen and hydrogen fluoride-oxygen are too low to provide an
accurate comparison., It is evident, however, that no synergistic

corrosion effects occur in the combined atmospheres.

c. Iridium-33 w/o Rhenium

The corrosion behavior of iridium-33 w/o rhenium in
flowing oxygen, fluorine, and fluorine-oxygen is summarized in
Table X, and plotted in Figure 11. Test samples were prepared
both by cold pressing and sintering and by arc-melting without
appreciable difference in measured corrosion behavior. As with
iridium, test samples were used for multiple exposures with sur-

face preparation after each run. This is important in the case
prep P
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TABLE IX

CORROSION BEHAVIOR OF IRIDIUM IN FLOWING
HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE-OXYGEN(a)

Hydrogen
Fluoride Oxygen Specific Surface
Exposure Concen- Concen- Weight Weight Recession
Temp. , tration, tration, Loss, Loss, Rate,
° v/o v/o g mg/cm?/min  mils/min
3000 10 -- 0.001 0.12 0.002
3000 10 -- 0.001 0.05 0.001
3500 10 - 0.001 0.06 0.001
4000 (P) 10 -- 0.004 0.36 0.006
4000 10 -- 0.004 0.32 0.006
3000 10 0.56 0.001 0.04 0.001
3500 10 0.56 0.001 0.10 0.002
3500 (P) 10 0.56 0.002 0.07 0.001
3000 10 2.3 0.001 0.06 0.001
3500 10 2.3 0.001 0.04 0.001
3500 (P) 10 2.3 0.003 0.13 0.002
4000 10 2.3 0.001 0.05 0.001

(@ 7otal flow rate - 10 cfh (400 fps).

(b)Ten minute exposure time,
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CORROSION BEHAVIOR OF IRIDIUM-33 w/o RHENIUM

TABLE X

IN FLOWING OXYGEN, FLUORINE, AND FLUORINE-OXYGEN(a)

Fluorine Oxygen Specific Surface

Exposure Concen- Concen- Weight Weight Recession
Temp., tration, tration, Loss, Loss, Rate,

© v/o v/o g mg/cm?®/min  mils/min
3000 -~ 2.3 0.028 1.6 0.03
4000 -- 2.3 0.102 5.7 0.10
4500 -- 2.3 0.273 15.1 0.27
3000 -- 5.4 0.027 1.9 0.04
3000 -- 5.4 0.061 3.4 0.06
3500 - 5.4 0.280 7.1 0.11
4000 -- 5.4 0.138 10.5 0.19
4000 - 5.4 0.078 5.2 0.09
4500 -- 5.4 0.399 30.0 0.54
4500 - 5.4 0.338 22.8 0.41
2680 6.5 -- 1.269 105.6 1.89
3060 6.5 - 0.872 70.6 1.27
3500 6.5 -- 0.558 43.0 0.77
3500 6.5 - 0.592 46.0 0.82
4000 6.5 -- 0.250 18.9 0.34
4000 6.5 -- 0.404 29.3 0.53
4420 6.5 - 0.1l61 16.0 0.29
4500 6.5 - 0.207 13.3 0.24
4700 6.5 -~ 0.157 13.2 0.28

4730 6.5 -- Melted

3000 6.5 4.0 1.273 75.4 1.35
4000 6.5 4.0 0.439 45.1 0.81
4500 6.5 4.0 0.225 27.9 0.50
3000 6.5 5.4 0.526 72.8 1.31
3500 6.5 5.4 0.400 48,2 0.87
4000 6.5 5.4 0.335 36.8 0.66
4500 6.5 5.4 0.214 28.9 0.53

té)Total flow rate - 10 cfh (400 fps).
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of Ir-33Re because of the considerable difference in oxidation-
corrosion rates of iridium and rhenium. It is for this reason
also that the corrosion rates of Ir-Re alloys are probably not
linearly time dependent, as will be discussed subsequently.

As shown previously for unalloyed iridium, Ir-33Re in
fluorine exhibits decreasing corrosion rate with increasing tem-
peratufe. Figure 11 shows that a similar behavior occurs in
6.5 v/o F2-4.0 v/o 0, and 6.5 v/o F2-5.4 v/o 02, although the
recession rates in fluorine-oxygen are slightly higher than in
fluorine alone. Although Figure 11 indicates a higher recession
rate in 4.0 v/o 0, than in 5.4 v/o 0, in the combined environ-
ment, this is probably a result of data scatter caused by the
relative low contribution of oxygen below 4000°F,

The oxidation rate at both 2.3 and 5.4 v/o oxygen tends
to increase above 4000°F, as measured previously for unalloyed
iridium., It is interesting to notice that at 4000°F, the surface
recession rate in fluorine-oxygen is about equivalent to that of
5.4 v/o oxygen. At this temperature, it is apparent the relative
contribution of fluorine and oxygen to metal removal is about
equal. At 4500°F, the recession rates in 6.5 v/o Fy=5.4 v/o 0,
is still only about 0.5 mils/min, which is about an order of mag-
nitude less than all of the other materials in the program except
iridium.

The corrosion behavior of Ir-33Re in hydrogen fluoride
and hydrogen fluoride-oxygen is summarized in Table XI and plotted
in Figure 12. Calculated recession rates in these environments
are very low, although somewhat higher than that of iridium.
Considering the iridium and rhenium oxidation-corrosion data, it
is likely that a major portion of the weight loss is due to se-
lective reaction with rhenium in the surface layer. Although
study of the time dependence of the corrosion rate was not con-
ducted, a linear time dependence does not likely exist in this
system. Thus, linear recession rates calculated from 5 min expo-

sures may be conservative. Since the weight of rhenium within

38




CORROSION BEHAVIOR OF IRIDIUM-33 w/o RHENIUM IN

TABLE XI

FLOWING HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE-OXYGEN(a)

Hydrogen
Fluoride Oxygen Specific Surface
Exposure Concen- Concen- Weight Weight Recession
Temp. , tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm?/min mils/min
3000 10 - 0.001 0.03 0.001
4000 10 - 0.002 0.18 0.003
4500 10 - 0.006 0.51 0.009
3000 10 0.56 0.013 0.9 0.02
4000 10 0.56 0.031 2.3 0.04
4500 10 0.56 0.028 4.4 0.08
3000 10 2.3 0.017 1.0 0.02
3000 10 2.3 0.028 2.4 0.04
4000 10 2.3 0.058 4.3 0.08
4500 10 2.3 0.083 13.4 0.24
(a)Total flow rate - 10 cfh (400 £fps).
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the sample surface is constant, an expected increase in recession
rate due to a higher volume of corrosion gases may not be meas-

ured. Additional detailed oxidation-corrosion study is required

to define this effect further.

Because of the low recession rates and nonlinear time
dependence, comparison of the measured and calculated recession
rates is not appropriate for Ir-33Re, However; it is apparent
from the data that a reasonable correlation of both rates exists
for 5 min exposure times.

d. Rhenium

Rhenium samples were prepared by cold pressing at 48 psi
and sintering at 3300-3500°F in a vacuum for two to four hours.
This resulted in a sintered density of about 90% of theoretical.
Arc-melted buttons were also used, but did not cause significant
difference in oxidation-corrosion rate,

The corrosion behavior of rhenium in oxygen, fluorine,
and fluorine-oxygen at 3000-5200°F is summarized in Table XII and
plotted in Figure 13. Data obtained previously on rhenium in
fluorine indicated that the corrosion rate, like that of iridium
and Ir-33Re, decreased with increasing temperatures above 3500°F.
During the current program, data was obtained on rhenium in fluo-
rine at 5200°F. This additional data correlated with previous.
results, The recession rate in 6.5 v/o fluorine at 5200°F is
about 0.5 mils/min, or about one-fourth that at 3500°F.

The recession rate of rhenium in both 2.3 and 5.4 v/o
oxygen does not demonstrate significant temperature dependence in
the range of 3500-5200°F. Surface recession rates in these atmos-
pheres are about 1.2 and 2.5 mils/min, respectively, which are
about one-half that of tungsten in these atmospheres.

In the combined fluorine-oxygen environments, the reces-
sion rate decreases with increasing temperature reaching about 3.8
mils/min. At 3500°F, the recession rate is about 5 mils/min and

remains the same when the oxygen concentration is increased from
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TABLE XII

CORROSION BEHAVIOR OF RHENIUM
IN FLOWING OXYGEN, FLUORINE, AND FLUORINE-OXYGEN(a)

. e S ——

Fluorine Oxygen Specific Surface
Exposure Concen- Concen~ Weight Weight Recession
Temp., tration, tration, Loss, Loss, Rate,
° v/o v/o g mg/cm?/min  mils/min
3500 - 2.3 0.409 56.4 1.05
4500 -- 2.3 0.550 73.4 1.37
5200 - 2.3 0.471 64.5 1.20
5200 -- 2.3 0.432 61.0 1.13
3500 -- 5.4 0.875 121.2 2.30
4500 - 5.4 0.971 136.0 2.55
5200 - 5.4 1.013 142.0 2.65
2500 6.5 -~ 1.330 119.0 2.24
2500 6.5 -- 1.405 119.5 2.24
3000 6.5 -- 1.412 119.0 2.22
3500 6.5 - 1.431 123.0 2.30
4000 6.5 -- 1,292 87.6 1.64
4000 6.5 -- 0.091 73.2 1.37
4500 6.5 -- 0.678 61.9 1.16
4500 6.5 - 0.465 45.2 0.85
5000 6.5 -- 0.352 23.0 0.43
5000 6.5 -- 0.200 18.0 0.33
5200 6.5 -- 0.200 28.3 0.53
4500 6.5 2.3 1.398 210.0 3.93
3500 6.5 4.0 2.387 245.0 4,22
4500 6.5 4.0 1.615 232.9 4,37
5200 6.5 4.0 1,213 181.0 3.39
3500 6.5 5.4 1.754 235.0 4,40
3500 6.5 5.4 1.916 268.0 5.02
4500 6.5 5.4 1.660 234.0 4,38
5200 6.5 5.4 1.432 210.0 3.94

v

(a)Total flow rate - 10 cfh (400 fps).
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4.0 to 5.4 v/o oxygen. A significant difference in the reces-
sion rate in these atmospheres was obtained only at 5200°F,

Oxidation-corrosion data for rhenium in hydrogen fluo-
ride and hydrogen fluoride-oxygen is presented in Table XIII and
plotted in Figure 14. Rhenium exhibits the very low corrosion
rates in hydrogen fluoride which are typical of all refractory
metals tested in the program. Additions of 0,56 and 2.3 v/o ox-
ygen to the hydrogen fluoride result in a considerable increase
in corrosion rates but not greater than can be expected based on
oxygen data. An increase in the recession rate is shown at 4500°F
in 10 v/o HF-2.3 v/o 0,, and perhaps in 10 v/o HF-0.56 v/o 0,.
This may be associated with the reduction in the recession rate in
fluorine above 4000°F. The oxidation-corrosion rates in 10 v/o
HF-2.3 v/o 0, are comparable to those in 2.3 v/o oxygen.

A comparison of the measured and calculated recession
rates are presented in Figure 15. Like tungsten at 3000°F, rheni-
um exhibits higher experimental rates than calculated rates in
fluorine-oxygen. Unlike tungsten, however, rhenium exhibits this
synergistic effect over the total range 3500°-5200°F, and particu-
larly at 4500°F. Although data are insufficient to accurately de-
fine the slopes of the calculated curves over the whole range, it
appears that synergistic corrosion effects are greatest at inter-
mediate oxygen levels of about 2-3 v/o. This may be due to the
formation of oxyfluorides whose stoichiometry is such that a con-
stant gas flow rate results in greater metal removal. Additional
corrosion tests are required to define this effect further.

Comparison of the HF-O2 recession rates indicate a simi-
lar behavior in this atmosphere. With one exception, the calcu-
lated rates are slightly greater than the measured rates; only in
2.3 v/o oxygen at 5200°F is the calculated rate considerably great-
er than the measured rate. This could be due to HF-O2 gas stream
interactions described previously for tungsten or to experimental

data scatter.
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TABLE XIIL

CORROSION BEHAVIOR OF RHENIUM IN FLOWING
HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE—OXYGEN(a)

Hydrogen
Fluoride Oxygen Specific Surface
Exposure Concen- Concen- Weight Weight Recession
Temp. , tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm?/min  mils/min
3000 10 -- 0.001 0.045 0.001
4000 10 - 0.004 0.49 0.009
4500 10 -- 0.021 2.20 0.041
5200 10 -- 0.032 5.05 0.094
3500 10 0.56 0.090 8.2 0.15
4500 10 0.56 0.093 12.3 0.23
5200 10 0.56 0.056 7.9 0.15
3500 10 2.3 0.420 46.6 0.88
4500 10 2.3 0.532 75.6 1.42
4500 10 2.3 0.929 77.9 1.46
5000 10 2.3 0,362 58.4 1.09
5200 10 2.3 0.374 51.8 0.97

(@ Toral flow rate - 10 cfh (400 fps).
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e, ATJ Graphite

Samples for corrosion tests of ATJ graphite were sec-
tioned from bulk material. In general, no attempt was made to test
the influence of orientation of the material. Although low re-
cession rates mesasured in hydrogen fluoride may have been sli%htly
influenced by orientation effects and/or mechanical erosion,( )
orientation of the test samples probably did not influence the
recession data in this program. Depending upon the test atmos-
phere, the maximum exposure temperature obtainable with the ATJ
graphite was 4800°-4900°F,

A summary of oxidation tests in 4.0 and 5.4 v/o oxygen
at 3000°-4800°F is presented in Table XIV and plotted with fluo-
rine and fluorine-oxygen data in Figure 16. Corrosion data on
ATJ graphite in fluorine and fluorine-oxygen are summarized in
Table XV. Surface recession rates in oxygen are plotted in Fig-
ure 16, and demonstrate considerable scatter and only minor tem-
perature dependence. 1In fact, the recession rate data tend to

show a minimum in oxygen atmosphere at about 400J°F.

A similar effect exists for ATJ graphite in 6.5 v/o
fluorine. Previous data in fluorine were obtained only to 4000°F
because of input power limitations of the induction unit described
in Section II-A-l1. Current data in fluorine to 5000°F demonstrate
that a minimum exists in the recession rate at 4000°F; the reces-
sion rate increases with increasing temperature in the range of
4000°-4900°F. Thus, a minimum appears to exist in the recession
rate in both oxygen and fluorine, which may also be reflected in
the corrosion data in fluorine-oxygen atmospheres. Again, addi-
tional corrosion studies are required to define the effect further.

ATJ graphite test samples exposed in fluorine-oxygen
atmospheres normally had a thin film of loose, white reaction
product after exposure. No corrosion residue was found in any
other atmosphere, including the HF-0, environments. It appeared,
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TABLE XIV

CORROSION BEHAVIOR OF ATJ GRAPHITE IN FLOWING OXYGEN(a)

g o . J—

Oxygen Specific Surface

Exposure Concen~- Weight Weight Recession

Temp., tration, Loss, Loss, Rate,
° v/o g mg/cm? /min mils/min
3500 1.1 0.047 3.4 0.74
3000 4.0 0.137 17.2 3.76
3000 4.0 0.163 11.7 3.14
3500 4.0 0.143 17.8 3.90
3500 4.0 0.177 16.3 3.50
4000 4.0 0.142 15.6 3.46
4000 4.0 0.131 15.4 3.37
4000 4.0 0.122 14.3 3.14
4500 4.0 0.150 17.2 3.77
4500 4.0 0.117 15.3 3.34
4800 4.0 0.130 15.7 3.42
4930 4.0 0.110 15.3 3.35
2500 5.4 0,151 18.6 4,07
3000 5.4 0.180 23.5 5.14
3000 5.4 0.176 22.6 4,95
3500 5.4 0.208 25.0 5.46
3500 5.4 0.212 25.1 5.48
4000 5.4 0.196 23.7 5.20
4500 5.4 0.207 25.2 5.51
4500 5.4 0.232 26.8 5.85
4800 5.4 0.203 26.2 5.82

(@) 7oral flow rate - 10 cfh (400 £ps).
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TABLE XV

CORROSION BEHAVIOR OF ATJ GRAPHITE
IN FLOWING FLUORINE AND FLUORLNE—OXYGEN(a)

Fluorine Oxygen Specific Surface
Exposure Concen- Concen- Weight Weight Recession
Temp. , tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm®/min  mils/min
2400 6.5 -- 0.159 11.3 2.46
3000 6.5 -- 0.135 10.0 2.20
3500 6.5 -- 0.116 8.28 1.79
4000 6.5 -- 0.093 6.53 1.43
4000 6.5 -- 0.068 7.40 1.62
4500 6.5 -- 0.070 8.70 1.90
4500 6.5 -- 0.086 10.9 2.39
4800 6.5 -- 0.078 9.20 2.13
3000 6.5 4.0 0.117 14.4 3.14
3500 6.5 4.0 0.177 16.3 3.50
4000 6.5 4,0 0.163 20.8 4,50
4500 6.5 4.0 0,193 23.3 5.10
4800 6.5 4.0 0.153 21.7 4.73
3000 6.5 5.4 0.140 17.4 3.78
3500 6.5 5.4 0.168 21.8 4,78
4000 6.5 5.4 0.173 22.1 4,82
4800 6.5 5.4 0.255 30.2 6.60

(@) 1otal flow rate - 10 cfh (400 f£ps).
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therefore, that a different corrosion mechanism may have been

operative during fluorine-oxygen tests,

Oxidation-corrosion behavior of ATJ graphite in hydro-
gen fluoride and hydrogen fluoride-oxygen atmospheres is present-
ed in Table XVI and plotted in Figure 17. As previously discussed,
surface recession data in hydrogen fluoride may have been affected
by sample orientation and/or gas erosion. It was found that the
lower recession rates were obtained when samples were rerun and/or
heated in argon prior to testing. 1In any case, the reaction rate
of graphite in 10 v/o hydrogen fluoride is quite slow; the reces-
sion rate is about 0.15 mil/min at 4000°F.

Addition of 0.56 and 2.3 v/o oxygen increases the sur-
face recession rate, as expected from the oxygen results, Figure
17 indicates that the recession rates at both oxygen levels are
not strongly temperature dependent although both curves indicate
a positive slope. The reaction rate of ATJ graphite in hydrogen
fluoride-oxygen is 2.6 mils/min in 10 v/o HF-2.3 v/o 0, at 4900°F,
the highest of any material tested in the program. This is appar-
ently due to high recession rates of graphite in oxygen atmospheres.,

A comparison of the calculated and measured recession
rates of ATJ graphite in fluorine-oxygen and hydrogen fluoride-
oxygen at 3000°, 4000°, and 4900°F is presented in Figure 18. As
previously, recession rates in 0.56 and 2.3 v/o oxygen were ob-
tained by linear interpolation of data in 4.0 and 5.4 v/o oxygen.
Figure 18a shows that ATJ graphite in fluorine-oxygen exhibits
converse behavior from that of tungsten and rhenium; the measured
recession rates are lower than the calculated rates. This effect
is greatest at 3000°F but is appreciable at all three temperatures.
The calculated recession rate at 3300°F is about twice that of the
measured rate in 6.5 v/o F2-5.4 v/o oxygen, This could be due to
the formation of oxyfluorides as evidenced by the presence of a
thin, white reaction product not found in fluorine or oxygen. In
spite of this effect, which is least significant at 4900°F, the
surface recession rates of graphite in fluorine-oxygen were the

highest measured in the program.
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TABLE XVI

CORROSION BEHAVIOR OF ATJ GRAPHITE IN FLOWING
HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE—OXYGEN(a)

Hydrogen

Fluoride Oxygen Specific Surface

Exposure Concen- Concen- Weight Weight Recession
Temp., tration, tration, Loss, Loss, Rate,

°F v/o v/o g mg/cm /min mils/min
3000 10 - 0.007 0.49 0.11
3000 10 -- 0.009 0.64 0.14
3000 10 -- 0.007 0.52 0.11
3000 10(P) -- 0.004 0.29 0.06
3000 10(P) -- 0.004 0.30 0.07
3500 10 -~ 0.009 0.62 0.14
3500 10(P) - 0.005 0.37 0.08
3500 10(P) - 0.004 0.37 0.07
3820 10(P) -- 0.004 0.30 0.06
4000 10(P) -- 0.005 0.29 0.08
4000 10 - 0.006 0.68 0.15
4800 10 -- 0.018 0.40 0.53
3000 10 0.56 0.037 2,8 0.62
3500 10 0.56 0.042 3.2 0.70
4000 10 0.56 0.046 3.7 0.80
4500 10 0.56 0.043 3.5 0.77
4930 10 0.56 0.055 6.5 1.42
3000 10 2.3 0.134 10.0 2.18
3500 10 2.3 0.141 10.6 2.30
4000 10 7 2.3 0.108 13.2 2.86
4500 10 2,3 0.164 12,2 2.67
4900 10 2.3 0.090 11.8 2,57

(a)Total flow rate - 10 cfh (400 fps).

(b)Rerun samples,
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In hydrogen fluoride-oxygen atmospheres (Figure 18b),
no comparable effect is indicated. The calculated and measured
recession rates are similar, despite the fact that graphite could
conceivably behave differently than metals. Interactions between
hydrogen fluoride and oxygen releasing hydrogen could increase
the surface recession rate since graphite reacts with hydrogen to
form hydrocarbons at high temperatures. The simplified overall

reaction can be written as:

Ce) T () T %2 T Cily(e) t CxFye) T SOy ()

Thus, three reactive species could be present at the graphite sur-
face. However, the plot in Figure 18b does not suggest that in-
teractions of this type occurred. Rather, it demonstrates that,
like tungsten and rhenium, surface recession is primarily due to

oxidation,

t, Carbide-Graphite Composites

The candidate carbide-graphite composites, developed un-
der contract NASr—65—(O9),(8) were HfC-33 v/o C and TaC-20 v/o C
fabricated by hot-pressing and resulting in densities of 95-97%.
Test samples of these materials were sectioned from bulk material
and evaluated in fluorine and hydrogen fluoride to 4000°F in ear-
lier work on this program.(z) The data were extended to 5000°F
during the current year. As with ATJ graphite, no attempts were
made to correlate the oxidation-corrosion behavior with any orien-
tation derived in fabrication. However, it was previously found
that the corrosion rate in hydrogen fluoride was dependent on the
known sample orientation of HfC-C. Any orientation effects were
negated in the current work by the higher reaction rates in the

combined environments,

The corrosion mechanisms of carbide-graphite composites
in the combined environments are different than that of metals and
graphite. Both of the carbide materials form solid oxides within
the testing range of this program, whereas all of the reaction prod-

ucts of metals and graphite are gaseous. However, the melting
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points of the formed oxides are considerably different. TaZO5
has a melting point of about 3400°F, whereas Hf02 melts at about
5000°F. Consequently, the carbide composite materials included a
material which exhibited a liquid oxide (TaC-C) and a solid oxide
(HfC-C) throughout most of the 3000°-5000°F range of testing in
the program. Since these materials do not develop solid films in
either fluorine or hydrogen fluoride, it was expected that the
above differences would influence the corrosion behavior in the

combined environments.

Another factor in the oxidation-corrosion mechanism of
carbide composites in oxygen-containing atmospheres is important
because of the graphite phase that is present and the mechanism
of reaction of the carbide. Oxidation of the MXCy phase to MXO
results in a weight gain. However, this is accompanied by weight
losses due to the formation of gaseous CO and/or COZ' The indi-

vidual reactions in oxygen can be written as follows:

+ 0 = MO

MCs) ¥ 2@ ® MY ¢s,1) * %O e)

+ = 0
€y T %) ™ %% )
The overall reaction is therefore:

+ 0

My ¥ Co) ¥ P20 ® MOy, 1) + %)

As previously discussed, MXOy is a solid (HfOz) for haf-
nium carbide and a liquid (TaZOS) for tantalum carbide. The
weight change resulting from the overall reaction can be readily
calculated from information on the composite composition. Assum-
ing complete reaction and full density of the composite, oxidation
results in weight gain of 2.5 mg/cmz/mil for TaC-20 v/o C and a
weight loss of 0.3 mg/cmz/mil for HfC-33 v/o C. These calcula-
tions apply only for short exposure times because the development
of the stable oxide layer results in nonlinear oxidation rates.

If the formed oxide spalls from the surface, the weight losses
are about 23 and 30 mg/cmz/mil for HfC-33 v/o C and TaC-20 v/o C,
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respectively. This illustrates the overriding effect of spalling
on the measured weight change of carbide composites exposed in

oxygen.

In the combined environments, additional complexities
of the reaction mechanism can occur. Depending upon the ratio of
oxygen to fluorine or hydrogen fluoride, oxidation of the carbide
phase could proceed preferentially. The simplified individual

reactions for oxygen-fluorine can be written as follows:
MC + 0 2 0 +
(s) 2(g) My y(s,1) Cxoy

M + =
Oys) T Fagg) T MFye) * %y

The overall reaction, in terms of gaseous surface recession only,

can be written:

"os) T %@ T Fae) My T %% @) T %y )

However, the possibility of interactions of fluorine with carbon
and/or the formation of both metallic and carbonaceous oxyfluo-
rides cannot be ignored. Including these possibilities and elim-
inating fluorine-oxygen compounds, the overall reaction can be

written as:

Ms) ¥ Cs) T %) T Fae) ® My * SO ) T

+ C_F. 0 +
MkFyOz(g) Cx vy z(g)

+
CxFy ) T MOy (s,1)

Thus, one solid or liquid and five general gaseous species are
possible in the reaction. It is unlikely that all these products
are formed. Rather, the measured surface recession was most like-
ly controlled by the formation of two or three reaction products
dependent upon the fluorine-oxygen ratio. It was found that
both carbide and boride composites normally had some oxide

58



residiue on the reaction surface after exposure. The above re-
action does illustrate the very complex oxidation-corrosion mech-

anism of these materials.

The oxidation-corrosion behavior of HfC-33 v/o C in ox-
ygen, fluorine, and fluorine-oxygen is summarized in Table XVII
and plotted in Figure 19. Oxidation data arepresented two ways
in Table XVII. Because of the low weight change and possibility
of oxide spalling associated with oxidation of carbide composites
and borides, calculations of surface recession from weight loss-
es are questionable. Accordingly, an alternate approach was used
to obtain surface recession in oxygen for HfC-C, TaC-C, and ZrBZ-
SiC-C. After exposure, the oxide present on the sample was me-
chanically removed, and the samples re-weighed for surface reces-
sion calculations. Removal of the oxide was not difficult for
HfC-C composites exposed at 3000° and 4000°F since the uniform,
white oxide developed was friable. Samples exposed at 5000°F
above the melting point of HEO, (~4900°F) had a gray, glassy ox-
ide, which was blown from the sample by the gas stream. Conse-
quently, oxide removal was continuous during the run leaving a
relatively thin oxide layer after exposure. Except for oxide
clinging to the edges of the test sample, removal of the thin re-
sidual oxide was not necessary. Table XVII includes both methods
of calculation, although the oxide removal method is probably
more accurate. Both methods contain the errors introduced by as-
suming a linear time dependence for a system which should exhibit

nonlinear oxidation rates.

The surface recession data in 6.5 v/o fluorine show a
similar result to that of ATJ graphite in that a minimum exists at
about 4500°F. It will be shown subsequently that TaC-C composites
exhibit a similar behavior. In view of the minimum shown for ATT
graphite, some of the measured increase above 4500°F can be at-
tributed to the graphite portion of the composite, However, the

volume fraction of graphite in these materials is insufficient
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FLOWING OXYGEN, FLUORINE, AND FLUORINE-OXYGEN(a)

TABLE XVII

CORROSION BEHAVIOR OF HfC-33 v/o C IN

e . e

e~

Fluorine Oxygen Specific Surface
Exposure Concen- Concen- Weight Weight Recession
Temp., tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm®/min  mils/min
3000 - 2.3 +0.005 +0.7 --
3000 -- 2.3 0.095 13.7 o.eo(g)
2000 .- 2.3 0.002 0.3 0.20¢b)
4000 -- 23 0.152 20.8 0.90¢¢)
5000 -- 2.3 0.429 49.2 2.10
5000 -- 2.3 0.463 53.2 2.30(c)
3000 -- 5.4 +0.006 +0.8 —-
3000 -- 5.4 0.245 34.7 1.50%¢
4000 - 5.4 0.001 0.1 0.05¢0
4000 -- 5.4 0.200 25.9 1.10%"
5000 -- 5.4 0.768 81.5 3.50
5000 - 5.4 0.930 98.8 4.30(¢)
3000 6.5 - 0.758 52.3 2.26
3500 6.5 -- 0.678 47.0 2.03
4000 6.5 -- 0.595 43.0 1.85
4500 6.5 - 0.209 22.3 0.96
4500 6.5 -- 0.187 19.6 0.85
5000 6.5 - 0.432 52.5 2.26
5000 6.5 -- 0.435 51.5 2.22
3000 6.5 4.0 0.885 95.5 4.12
4,000 6.5 4.0 0.900 113.0 4.87
5000 6.5 4.0 1.302 138.8 5.96
3000 6.5 5.4 1.922 95.5 4.15
3500 6.5 5.4 1.106 132.2 5.59
3500 6.5 5.4 1.048 122.8 5.30
4000 6.5 5.4 1.110 116.1 5.01
4000 6.5 5.4 1.114 135.9 5.85
4750 6.5 5.4 1.225 141.0 6.10

e et

e

(a)Total flow rate - 10 cfh (400 fps).

(b>Surface recession calculated

from oxidation stoichiometry.

(C)Surface recession calculated from weight loss after oxide

removal.
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to provide all of the measured minimum. The increase in reces-
sion above 4500°F can be explained by the tendency of carbides
to reject carbon at high temperatures resulting in metal-rich
carbides. Metallic tantalum and hafnium had the highest reac-
tion rates in fluorine measured in this program.(z) It is not
surprising, therefore, that an increase in recession rate is ob-
tained at 4500°-5000°F, since any tendency to produce a metal-
rich phase should increase the recession rate.

The recession rates in 6.5 v/o Fy-5.4 v/o 0, and 6.5
v/o Fy-4.0 v/o 0, indicate a somewhat different corrosion behav-
ior at higher oxygen levels; the temperature dependence of sur-
face recession appears greater at 5.4 v/o 02. The data point at
5000°F was run initially in 4.0 v/o 0,. Some flow of oxide de-
veloped on the sample. To eliminate this effect, the test tem-
perature was lowered to 4750°F for 6.5 v/o Fy-5.4 v/o 0,. How-
ever, the results indicate little difference in measured reces-
sion rates, due to the complexity of the oxidation-corrosion
reactions described previously.

Both environments demonstrate that the recession rates
in oxygen-fluorine are probably accelerated by the combined en-
vironment. This should not be surprising in view of the poor
resistance of oxides to fluorine and hydrogen fluoride.<10)
previously stated, all samples -exposed in fluorine-oxygen had
thin oxide films on the samples after exposure. Below 5000°F
these oxides were white and powdery, but at 5000°F the oxide was
slightly more continuous; in no case were thick oxides found on
the reaction surface. However, glassy oxide globules were found
on the edges of 5000°F samples, indicating some flow of oxide had

As

occurred during exposure.

The corrosion behavior of HfC-33 v/o C in hydrogen flu-
oride and hydrogen fluoride-oxygen is presented in Table XVIII;
surface recession data are plotted in Figure 20. Surface reces-
sion in 10 v/o HF is very low in the range of 3000°F-4500°F, but
increases abruptly in the range of 4500°-5000°F, due to a loss of
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TABLE XVIII

CORROSION BEHAVIOR OF HfC-33 v/o C IN FLOWING
HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE-OXYGEN(a)

Hydrogen
Fluoride Oxygen Specific Surface
Exposure Concen- Concen- Weight Weight Recession
Temp., tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm?/min  mils/min
3000 10 - 0.020 1.4 0.06
3000+ 10 - 0.039 2.8 0.12
3500 10 - 0.026 1.7 0.07
3500 10 - 0.032 2.1 0.09
3500 10 - 0.027 1.8 0.08
3500+ 10 - 0.061 4.2 0.18
4000 10 - 0.340 2.2 0.09
4000 10 - 0.041 2.7 0.12
4000+ 10 - 0.070 4.7 0.20
4500 10 - 0.166 10.7 0.46
5000 10 - 0.490 35.7 1.54
3000 10 0.56 0.142 15.7 0.68
4000 10 0.56 0.117 12.1 0.52
4000 10 0.56 0.123 12.6 0.55
4500 10 0.56 0.133 17.4 0.75
5000 10 0.56 0.335 40.5 1.75
5000 10 0.56 0.720 50.2 2.17
3000 10 2.3 0.233 17.8 0.77
4000 10 2.3 1.013 68.2 2.9
5000 10 2.3 1.229 146.8 6.30

(a)Total flow rate - 10 cfh (400 fps).
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carbon from the carbide phase previously shown in fluorine. Ad-
ditions of 0.56 and 2.3 v/o oxygen increase the recession rate
considerably, particularly at higher temperatures. At 5000°F,
the recession rates in 10 v/o HF-0.56 v/o 0, and 10 v/o HF-2.3
v/o 0, are about 2.0 and 6.3 mils/min, respectively. A portion
of the abrupt increase at 5000°F could be due to oxidation and
melting of HfOZ, since some glassy materials was present as glob-
ules on the edges of the samples. These globules also contained
a black phase which was apparently graphitic material eroded from
the sample surface. All of these factors probably contributed to
the very high recession rates measured in hydrogen fluoride-
oxygen at 5000°F.

Oxidation-corrosion data for TaC-20 v/o C in oxygen,
fluorine, and fluorine-oxygen are contained in Table XIX and
plotted in Figure 21. As previously discussed, Ta205 melts at
about 3400°F, and a liquid oxide is formed in oxygen atmospheres
above this temperature. Under these conditions, surface reces-
sion calculations from weight loss are inappropriate, so alter-
nate approaches for HfC-33 v/o C were used. Surface recession at
3000°F was calculated by the stoichiometric weight loss analysis
described previously for TaC-C; i.e., a weight gain of approxi-
mately 2.5 mg/cmz/mil for the formation of a solid oxide. At
4000°F, some ablation of the glassy transparent formed oxide
occurred. Surface recession calculations at 4000°F were ob-
tained from the weight loss after mechanical removal of the ox-
ide layer. Extensive sample deterioration occurred at both 2.3
and 5.4 v/o at 5000°F. Test samples after exposure included a
large globule of glassy oxide, although little ablation occurred
as shown by the relatively low weight losses. For these tests,
the surface recession was estimated from the dimensions of the
unreacted portion of the sample after exposure. The surface
recession rates at the various test conditions in oxygen (Ta-
ble XIX) were obtained by both methods whenever possible. The
surface recession calculated at 3000°F and 4000°F show reason-

able correlation of the two methods. Furthermore, the recession
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TABLE XIX

CORROSTION BEHAVIOR OF TaC-20 v/o C IN
FLOWING OXYGEN, FLUORINE, AND FLUORINE-OXYGEN(a)

— s e e - ey

Fluorine Oxygen Specific Surface
Exposure Concen= Concen-~- Weight Weight Recession
Temp., tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm?®/min  mils/min
3000 - 2.3 +0.029 +4.0 1.60¢P)
3000 - 2.3 0.214 29.8 1.00¢¢)
4,000 - 2.3 0.053 6.3 0.20
4,000 -- 2.3 0.278 33.5 1.1o(§>
5000 - 7.3 0.125 19.4 13.00(d)
3000 - 5.4 +0. 044 +5.2 2.10(0)
3000 - 5.4 0.401 45.3 1.50¢c)
4000 - 5.4 0.137 17.1 0.60
4000 -- 5.4 0.487 60.3 2.oo<§)
5000 - 5.4 0.178 22.7 20.00 (D
3000 6.5 - 0.933 65.7 2.19
3500 6.5 - 0.766 52.6 1.75
4000 6.5 - 0.562 40.8 1.36
4,500 6.5 - 0.188 21.3 0.71
4500 6.5 - 0.253 17.8 0.59
5000 6.5 - 0.435 30.8 1.04
3000 6.5 4.0 2.400 166.0 5.49
4,000 6.5 4.0 1.223 152.0 5.05
4000 6.5 4.0 1.437 161.0 5.35 4y
5000 6.5 4.0 1.162 133.0 12.00¢%
5000 6.5 4.0 1.218 145.0 15.00
3000 6.5 5.4 1.225 148.0 4 .92
3500 6.5 5.4 1.081 144 .5 4 .80
4,000 6.5 5.4 1.136 147.0 4290 4y
5000 6.5 5.4 1.238 145.0 20.00

(8)rotal flow rate - 10 cfh (400fps).
(b)Surface recession based on oxidation stoichiometry.
(C)Surface recession calculated after oxide removal.

(d)Extensive oxidation of sample; surface recession esti-
mated from final dimensions.
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rate at 4000°F is not much different than at 3000°F at both oxy-
gen levels. The formation of a molten oxide did not cause catas-
trophic oxidation at 600°F above the melting point of Ta, 0., and
thus, in contrast to HfC-C which exhibited ablation of molten ox-
ide at about its melting point, TaC-C developed a high viscosity
oxide which provided protection to at least 4000°F.

Figure 21 also shows that TaC-C, like ATJ graphite and
HfC-C, exhibits a similar corrosion curve minimum in fluorine at
4500°F. The effect, however, is not as great for TaC-20 v/o C as
for HfC-33 v/o C, partially due to the lower volume fraction of
graphite in the TaC-20 v/o C composite. Surface recession in
6.5 v/o F, is about 1 mil/min at 5000°F.

Below 4000°F, the oxidation-corrosion rate in fluorine-
oxygen changes little in 5.4 v/o oxygen, but decreases slightly
with increasing temperature in 6.5 v/o F,-4.0 v/o 0,. In fact,
the measured increase rates are slightly higher at the lower oxy-
gen level at 3000°F-4000°F. It is not known whether this is due
to experimental error, or the controlling mechanism. However,
the data is reasonably reproducible suggesting that the effect is
due to the oxidation-corrosion mechanism. At 5000°F, extensive
attack of the test samples occurred as described previously for
oxygen tests. Surface recession for these conditions were also
estimated from the final sample dimensions, although deteriora-
tion of the tests samples at 6.5 v/o F,-4.0 v/o 0, was somevhat
less than in oxygen. Samples exposed at 5000°F in 6.5 v/o Fy-
4.0 v/o 0, exhibited extensive cratering after exposure rather
than the general dimensional deterioration that occurred in

4.0 v/o oxygen.

Oxidation-corrosion data for TaC-20 v/o C in hydrogen
fluoride and hydrogen fluoride-oxygen is summarized in Table XX
and plotted in Figure 22, Here the results are somewhat surpris-
ing because of the very strong temperature dependence of the cor-
rosion in 10 v/o HF-2.3 v/o 0,. A minor change in slope does
exist in 10 v/o HF at about 4000°F, but does not appear to be
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TABLE XX

CORROSION BEHAVIOR OF TaC-20 v/o C IN FLOWING
HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE-OXYGEN(a)

Hydrogen
Fluoride Oxygen Specific Surface
Exposure Concen- Concen- Weight Weight Recession
Temp., tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm?/min  mils/min
3000 10 -- 0.069 4,87 0.14
3500 10 -- 0.062 4.45 0.15
3500 10 -- 0.068 4,82 0.16
4000 10 -- 0.037 5.66 0.19
4000 10 - 0.087 6.24 0.21
4500 10 - 0.115 9.11 0.30
5000 10 -- 0.174 12,60 0.42
3000 10 0.56 0.131 15.50 0.51
4000 10 0.56 0.197 24,10 0.80
5000 10 0.56 0.262 32.90 1.09
3000 10 2.3 0.198 21,30 0.71
3000 10 2.3 0.203 25.30 0.84
3500 10 2.3 0.429 54.00 1.79
4000 10 2.3 0.679 76.60 2.54
5000 10 2.3 0.790 88.50 5.00¢P)

(a)Total flow rate - 10 cfh (400 fps).

(b)Estimated from sample dimensions after exposure.
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reflected in the data in 10 v/o HF-0.56 v/o 0,. The sample ex-
posed in 10v/o HF~263'v/oCb at 5000°F did not deteriorate to the
same extent as the sample exposed in 2.3 v/o oxygen. However,
the surface recession for this sample was also estimated from
the final sample dimensions. Both fluorine-oxygen and hydrogen
fluoride-oxygen atmospheres, therefore, tended to reduce the ca-

tastrophic oxidation obtained in oxygen.

Comparison of the experimental and calculated (summat-
ed) rates for HfC-C and TaC-C are presented in Figures 22 and 23,
respectively. As previously, data for interim points in oxygen
were obtained by interpolation of data in 2.3 and 5.4 v/o oxygen.
For HfC-C fluorine-oxygen (Figure 22a), the calculated recession
rates are considerably lower than the measured rates at 3000°F
and 4000°F, whereas a close correlation is obtained at 5000°F
due to the use of linearly calculated oxidation data. If the
"instantaneous oxidation rate' were used, a closer correlation
of the calculated and experimental rates could be expected. The
"instantaneous oxidation rate' is that early portion of the par-
ticular weight gain vs.the linear time curve and is approximated
at 5000°F by ablation of molten oxide. Thus, at 5000°F, the rate
of oxidation-corrosion of HfC-C in fluorine-oxygen is generally
controlled by the rate of oxidation.

In hydrogen fluoride-oxygen (Figure 22b) the conclu-
sions are similar; the calculated rate is lower than the experi-
mental rate at 3000°F and 4000°F, and a correlation of both rates
is obtained at 5000°F. Thus, a similarity exists in the control-
ling mechanism in both fluorine-oxygen and hydrogen fluoride-oxygen.

Figure 23 illustrates that TaC-C exhibits a similar com-
parison of the calculated and measured rates. For TaC-C, catas-
trophic oxidation at 5000°F dominates the corrosion behavior in
the combined environments. At 3000°F and 4000°F, the calculated
rates are lower than the measured rates except at 3000°F in hydro-
gen fluoride-oxygen. Apparently, the oxidation-corrosion rate of
TaC-C in the combined environments is controlled by the rate of

reaction with oxygen.
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2. Boride Composite

The candidate ZrBz-SiC—C composite, an experimental
material consisting of ZrB,-14 v/o SiC-30 v/o C, was fabricated
at ManLabs Inc. on Contract AF33(615)'3611.(9) The additions of
the SiC and carbon are intended to improve oxidation and thermal
shock resistance of the material. Machined test samples of the
boride composite were supplied by ManLabs from lots VIII 07-2317L
and VIII 07-00621K. The density used for surface recession cal-
culations was 4.37 g/cc, which is within the normal range of hot
pressed density for this material.,

Since the boride material was experimental, no emit-
tance data were available. An emittance of 0.85 was assumed be-
cause of the high volume fraction of carbon and silicon carbide,
but was found to be too high during testing. As a result, the
test temperatures described in the following data tables and fig-
ures are about 200°-400°F below the actual temperature but do not
modify the resulting oxidation-corrosion information to any great
extent. Oxidation-corrosion data of ZrBZ-SiC-C were limited to
4000°F because of melting of the composite at 4500°F. All 4000°F
tests also resulted in slight edge melting. Assuming the correc-
ted temperature of 4000°F to be the actual melting point of
4350°F, the resulting emittance is about 0.5.

The oxidation-corrosion behavior of ZrBZ-SiC-C in oxy-
gen, fluorine, and fluorine-oxygen is summarized in Table XXI and
plotted in Figure 24, A constant recession rate is exhibited in
6.5 v/o fluorine at 2.0 mils/min and a low rate exhibited in 4.0
and 5.4 v/o oxygen of about 1.0 mils/min over the range of 3000°-
4000°F. Like the carbon composites, this material acts as a par-
tial ablator because of the graphite phase. However, in oxygen
the silicon carbide phase reacts to form CO or CO2 and a silicon
oxide. Above 3000°F, silicon oxides also vaporize, probably as
S$i0, adding to the weight loss. Thus, the ZrBz-SiC—C composite
in oxygen has a complex ablative mechanism producing CXOy and
SiXOy (and perhaps BXOy) gaseous phases, and a solid oxide ZrOZ.
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TABLE XX1I

CORROSION BEHAVIOR OF ZrBz-SiC-C IN FLOWING
HYDROGEN FLUORIDE AND HYDROGEN FLUORIDE-OXYGEN(a)

Hydrogen
Fluoride Oxygen Specific Surface
Exposure Concen- Concen- Weight Weight Recession
Temp., tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm?/min  mils/min
3000 10 - 0.243 17.7 1.59
3000 10 -- 0.210 15.3 1.38
3500 10 - 0.178 13.1 1,08
4000 10 ~= 0.162 11.8 1.06
3000 10 0.56 0.142 14.6 1.32
3000 10 0.56 0.249 16.2 1.46
3500 10 0.56 0.347 24,7 2.22
3500 10 0.56 0.243 28.6 2.58
4000 10 0.56 0.181 21.4 1.93
4000 10 0.56 0.163 17.7 1.59
4000 10 0.56 0.249 22.8 2.04
3000 10 2.3 0.222 26.4 2.38
3500 10 2.3 0.326 39.1 3.44
4000 10 2.3 0.374 45.0 4,05

(&) roral flow rate - 10 cfh (400 fps).
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Fig. 24 - Surface Recession Rate of ZrB,-SiC-C in Flowing

Oxygen, Fluorine, and Fluorine-Oxygen.
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This normally results in a weight loss at all oxygen concentra-
tions. Assuming evaporation of all but the Zr02 reaction product,
the calculated weight loss resulting from stoichiometric oxidation
is about 3 mg/cmz/mil. Again, this must only apply for short ex-
posure times because of the solid ZrO2 which is formed.

Surface recession rates in oxygen obtained by both meth-
ods described previously for carbide composites are presented in
Table XXIL These include calculation of recession from the meas-
ured weight loss assuming graphite evaporation of all products ex-
cept Zr02. Surface recession was also calculated from weight loss
after mechanical removal of the oxide. Complete removal of the
oxide was not possible from samples exposed at 4000°F because of
slight edge melting; these data are therefore slightly low. How-
ever, the rates shown at 4000°F are slightly low since
the oxide formed at 4000°F was denser and, therefore, should have
been more protective. Surface recession data in oxygen plotted
in Figure 24 are those obtained by the oxide removal method.

In contrast to both oxygen and fluorine, Figure 24 shows
a strong temperature dependence of the recession rate in both 6.5
v/o F2—4.0 v/o 02 and 6.5 v/o F2-5.4 v/o 02, and therefore, indi-
cates that a synergistic effect of the combined environment is
operative. The recession rate in fluorine-oxygen is about 4.7
mils/min at 4000°F. Boride composite samples tested in fluorine-
oxygen had a thin, gray residual oxide, whereas those evaluated in

oxygen had a thicker, white oxide.

Oxidation-corrosion data for ZrBz-SiC—C in hydrogen
fluoride and hydrogen fluoride-oxygen is presented in Table XXII
and plotted in Figure 25. These results show corrosion behavior
in hydrogen fluoride-oxygen similar to that of the carbide compos-
ites. A maximum in the recession rate curve exists at 3500°F in
0.56 v/o oxygen. In contrast, a strong temperature dependence is
shown for 2.3 v/o oxygen; the recession rate nearly doubles at
4000°F compared to 3000°F. Thus, the measured corrosion rate ap-

pears to be dependent upon the hydrogen fluoride to oxygen ratio.

76



TABLE XXII

CORROSION BEHAVIOR OF ZrBZ—SiC-C IN FLOWING
OXYGEN, FLUORINE, AND FLUORINE—OXYGEN(a)

e e

s et

Fluorine Oxygen Specific Surface
Exposure Concen- Concen- Weight Weight Recession
Temp., tration, tration, Loss, Loss, Rate,
°F v/o v/o g mg/cm®/min mils/min
3000 - 2.3 0.012 1.5 0.56P)
3000 - 2.3 0.068 8.2 o.7§§§
4000 -- 2.3 0.024 2.8 0.9¢23
4000 -- 2.3 0.079 9.5 0.9(§)
5000 -- 2.3 0.067 8.7 2.8 ;
5000 -- 2.3 0.067 8.7 0.8\€
3000 -- 5.4 0.096 - 8.4 z.sgbg
3000 -- 5.4 0.136 9.7 0.9(§)
3500 -- 5.4 0.132 9.2 3.1029
3500 - 5.4 0.172 11.8 1.1(5)
4000 -- 5.4 0.111 8.5 2.8003
4000 -- 5.4 0.180 13.1 1.2\¢
3000 6.5 -- 0.316 22 .4 2.0
3500 6.5 -- 0.308 21.9 2.0
4000 6.5 - 0.304 21.5 1.9
3000 6.5 4.0 0.531 38.6 3.5
3500 6.5 4.0 0.647 47.1 4.2
4000 6.5 4.0 0.732 53.3 4.8
3000 6.5 5.4 0.547 39.8 3.6
3500 6.5 5.4 0.372 43,8 3.9
4000 6.5 5.4 0.431 51.0 4.6

(@)1otal flow rate - 10 cfh (400 £ps).
(b)Calculated from oxidation stoichiometry.

(C)Calculated from weight loss after oxide removal.
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Test samples evaluated in hydrogen fluoride-oxygen had a thin,
continuous gray oxide after exposure, as did samples exposed in
fluorine-oxygen. Apparently, a different mechanism was opera-
tive in the ZrBz-SiC-C composite from that of the carbide com-
posites in the combined atmospheres, although in both systems,
a solid oxide was a possible reaction product.

A comparison of the experimental and calculated rates
for ZrBZ-SiC-C in the combined environments is presented in Fig-
ure 26. Again, data at 0.56 and 2.3 v/o oxygen was obtained by
linear interpolation of recession rates in 4.0 and 5.4 v/o oxy-
gen. In both fluorine-oxygen and hydrogen fluoride-oxygen, the
measured rates are considerably greater than the calculated rates,
the effect being most significant in the latter. The plot in Fig-
ure 26 also indicates a tendency toward a maximum at 4.0 v/o oxy-
gen in fluorine-oxygen. These effects can be explained in terms
of retarded recession rate in oxygen due to the formation of a
partially protective oxide film. In atmospheres containing either
fluorine or hydrogen fluoride, the oxide film is not as stable,
resulting in higher surface recession. Oxidation-corrosion of
ZrBy-5iC-C 1is therefore probably also controlled by the rate of

interaction with oxygen.

The interactions by which a multicomponent material
such as ZrBz—SiC—C is attacked in the combined atmospheres is
very complex. In fluorine-oxygen, the general reaction can be

written:

. - + .

+ +CO0 + Si 0
CxF (2) L

y(g) X'y x y(s,8)
+ 0
2P0, g 1 CxFyOz(g)

i + ZxO

Thus, eight general gaseous fluorides, oxides, or oxyfluorides are
possible in addition to three oxides, of which only ZrOZ is a
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solid phase. Above 3000°F, the SiXOy phase begins to evaporate
as Sio ) which may have influenced the recession data above
3000°F. 1In hydrogen fluoride-oxygen, further complications exist
b?cause of tPe possible formation of CxHy(g) and BXHy(g)znsaddi-
tional reaction products which suggest a reason for the greater
acceleration of the recession rate in hydrogen fluorideroxygen.
The complexity of these reactions indicates the difficﬁlty in
analysis of the controlling reaction mechanism in surféte reces -
sion of ZrBz-SiC-C.

3. Summary and Discussion

Summary plots of the surface recession rate of the
eight materials evaluated in 6.5 v/o fluorine, 5.4 v/o oxygen,
10 v/o HF, 6.5 v/o F2-5.4 v/o 0,, and 10 v/o HF-2.3 v/o 0, are
presented in Figures 27 through 31. A comparison of the reces-
sion of the rates at 4000°F and 5000°F in these environments is
summarized in Tables XXIII and XXIV. These results demonstrate
quite clearly the following conclusions:

a., Materials which form gaseous reaction products must
be resistant to the individual environments in or-
der to be resistant to the combined environments.

b. Materials which form solid oxides are not resistant
to the combined environments, although they may be
resistant to oxygen alone.

c. Iridium and iridium alloys are the most resistant
materials to the combined environments up to their
melting points.

d. The remaining materials, in decreasing order of
oxidation-corrosion resistance in fluorine-oxygen
at 4000°F are: Rhenium, ZrB2-SiC-C, ATJ graphite,
TaC-C, tungsten, and HfC-C. In hydrogen fluoride-
oxygen, the ranking is similar, except that
ZrB2-SiC-C has the highest recession rate.

e. At 5000°F, rhenium has the lowest rate in both
fluorine-oxygen and hydrogen fluoride-oxygen. The
solid recession materials in decreasing order of
oxidation-corrosion resistance are: tungsten, ATJ
graphite, HfC-33 v/o C, and TaC-20 v/o C. Both
HfC-C and TaC-C exhibit melting of oxide developed
at oxygen concentrations above 2.3 v/o.
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TABLE XXIII

SURFACE RECESSION RATES OF REFRACTORY MATERTALS
IN FLOWING OXYGEN, FLUORINE, AND
HYDROGEN FLUORIDE ENVIRONMENTS AT 4000°F

Surface Recession Rate, mils/min

6.5 v/o F,- 10 v/o HF~
Material 6.5 v/o F, 10 v/o HF 5.4 v/o 0, 5.4 v/o 0; 2.3 v/o 0,

-

Tungsten 2.6 0.09 3.1 5.6 2.8
Tridium 0.3 0.006 0.01 0.3 0.001
Rhenium 1.5 0.009 2.5 4.4 1.1
Ir-33Re 0.8 0.004 0.06 0.8 0.08
ATJ Graphite 1.4 0.075 5.2 4.8 2.9
HFC-33 v/o C 1.8 0.12 0.006¢2) 5.8 2.6
TaC-20 v/o C 1.4 0.20 2.0(P) 4.9 2.5
ZrB,-$iC-C 1.9 1.1 0.77(2) 4.6 4.0

(a)Solid protective oxide formed.

(b)Oxide melts.



TABLE XXIV

SURFACE RECESSION RATES OF REFRACTORY MATERTALS

IN FLOWING OXYGEN, FLUORINE, AND
HYDROGEN FLUORIDE ENVIRONMENTS AT 5000°F

6.5 10 5.4 6.5v/0F,- 10v/oHF-

Material v/o Fy v/o HF v/o 0, 5.4v/002 2.3v/002
Tungsten 1.9 0.15 3.7 5.8 1.9
Iridium Melts at 4450°F
Rhenium 0.5 0.1 2,7 4.0 1.0
Ir-33Re Melts at ~4750°F
ATJ Graphite(®) 2.2 0.5 5.8 6.6 2,7
HEC-33v/0C 2.2 1.5 3.5(P) 5.8(P) 6.3(P)
TaC-20v/oC 1,04 1.1 20.0(P) 29,0 5.0(P)
ZrBZ-SiC-C Melts at ._4350°F

(8)4,800-4900°F,

(b)Oxide melts,



The above conclusions apply not only to the individual
materials that were evaluated in this program but also to the
various classes of materials that they represent., For example,
the results obtained for ATJ graphite should represent other
graphite materials with only minor deviations. Furthermore, de-~
velopment of oxidation-corrosion protection by the development
of oxide surface coatings does not appear to be a fruitful meth-
od of materials development for fluorine-oxygen or hydrogen

fluoride-oxygen containing exhaust products.

The preceding information suggests that the problem
of fluorine-oxygen or hydrogen fluoride-oxygen corrosion can be
solved with iridium and iridium-base alloys or coatings. How-
ever, iridium has several disadvantages including very high cost,
limited availability, difficulties in working, and a relatively
low melting point (4450°F). As shown previously, however, alloy-
ing with 33 w/o rhenium will increase the melting point without
sacrificing oxidation-corrosion resistance. This also lowers the
alloy cost, since rhenium is about one-fifth the price of iridium.

Becaguse of the above limitations, iridium has been em-
ployed only as a coating for graphite, tungsten, and tantalum to
date. Iridium-base coatings have been produced by slurry depo-
sition,(2’3) fused salt electrolysis,(ll) vapor deposition,(ll)
and arc-plasma spraying.(lz) All of this work, except slurry de-
position, was concerned with graphite substrates., Iridium coat-
ings produced by all of these techniques are envelope-type coat-
ings; i.e., little or no interdiffusion occurs during the coating
process., As a result, the coatings must have a zero defect den-
sity in order to be protective for long periods at high tempera-
tures. The normal mode of failure of these coatings occurs as a
result of substrate pitting through localized surface cracks or
pinholes in the coating. Thus, the efficiency of iridium as a
coating for high temperatures is generally related to the repro-
ducibility of the coating process. An improvement in coating
performance could be obtained if a secondary mode of protection

of the substrate were operative in iridium-base coating systems.
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Such a protective system could be obtained by the use
of iridium as an alloying element in tungsten-base alloys. The
test method used in this program did not consider the time depend-
ence of the corrosion rate; recession rates were assumed to be
linear. This is a reasonable assumption for (1) materials which
have gaseous reaction products and (2) multicomponent materials
in which the various components have similar recession rates in
the oxidation-corrosion environment. The latter condition does
not exist for tungsten and iridium since the recession rates are
different by an order of magnitude. Therefore, selective removal
of tungsten should occur, resulting in the development of a pro-
tective iridium-~rich layer. As pointed out in the discussion of
data for Ir-33Re, the recession rate cannot be linearly time-

dependent in a system of this type.

Continued exposure of tungsten-rich alloys above 4400°F
will result in liquation since the melting points of iridium
(4450°F) and the tungsten-iridium eutectic (4200°F) are below the
melting point of tungsten-rich alloys. However, melting and flow
of the reaction layer will be an integral part of the surface re-
cession mechanism. The overall recession rate could be reasonably
slow in this system. 1In any case, the relatively high recession
rates of the other materials in this program and the potential
uniqueness of the tungsten-iridium system suggest that this sys-
tem should be evaluated further.

B. Coating Development

Development of coating systems during the current year
was based on preceding phases in this program. Two coating sys-
tems were investigated: (1) the Ir-Re/Re duplex slurry coating
for tungsten and tantalum, and (2) a (Hf-10Ta)C slurry coating for
tantalum-base alloys. Investigation of the Ir-Re/Re duplex coat-
ing was based on Ir and Ir/Re slurry coatings developed previously
in this program. This system was selected for study because of
excellent resistance to fluorine, hydrogen fluoride, and oxygen.
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Alloying of iridium with 33 w/o rhenium also provides a potential

increase in operating temperature from about 4450° to about 4750°F.

The carbide coating system was hopefully a higher melt-
ing, lower cost alternative to iridium coatings for tantalum-base
alloys, although the recession rates in fluorine and\hydrogen
fluoride were known to be higher than those of iridium. This
system was selected for further study prior to measurement of the
recession rate of carbide composites in combined fluorine-oxygen
environments. As shown in the previous section, carbide compos-
ites are not resistant to combined environments although they have
reasonable resistance to both fluorine and oxygen individually.
Thus, the carbide coatings could have application for rocket noz-
zles in which either fluorine or oxygen are present singly, but

not in combination.

The carbide coatings all had the basic composition
(HE-10Ta)C since it was thought that a small percentage of tanta-
lum oxide, as in Hf-Ta alloys, would improve the adherence and
protectiveness of the oxide layer. Obviously, this was shown to
have no advantage in combined fluorine-oxygen atmospheres; the
recession rates of the oxides of both hafnium and tantalum appear
to be similar. However, the results of oxidation exposure of
TaC-C composites suggest that addition of TaC in HfC-C composites

should be effective in oxygen environments.

1. Iridium-Base Coatings

In previous work during this program, iridium coatings
produced by slurry techniques were developed for tungsten- and
tantalum-base alloys. The initial coatings were unalloyed iridium
used only for tungsten because of the relatively low melting point
of the Ir-Ta eutectic (~3350°F).(1) In the W-Ir system, the eu-
tectic is at about 4200°F, which is within the range of the melt-
ing point of unalloyed iridium (4450°F). Introduction of a rhenium
reaction barrier on both tungsten and tantalum-base alloys in-

creases the maximum operating temperature to the melting point of
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iridium. Accordingly, the Ir-Re duplex slurry coating was de-

(2)

loying of iridium with rhenium permits operation to about 4750°F

veloped during the second year on this program. Finally, al-
at the maximum solubility of 33 w/o Re for the iridium-rich sol-
id solution.(4> Effort during the current year was intended to
develop a duplex Ir-Re/Re coating based on the slurry techniques
used for the previous iridium-base coating systems. Iridium

(11)

However, no

coatings have also been developed by fused salt electrolysis,

(11) and arc plasma spraying.(lz)

vapor deposition,
other techniques for developing duplex Ir-Re/Re coatings have

been reported.

The slurry technique used for Ir-Re coatings differs
from that of most slurry coatings, such as the carbide slurry
process described in the subsequent section. Previous reports
on this program(l’z) have described the slurry process in detail.
Briefly, the process consists of sintering a slurry consisting of
iridium powder and powders of a metallic vehicle suspended in an
organic vehicle. The organic vehicle employed in this program
was a mixture of collodion and a nitrocellulose lacquer, which'
was evaporated during the initial stages of sintering. The me-
tallic vehicle is intended to provide a liquid phase medium for
nucleation and growth of the iridium coating and is also evapo-
rated by vacuum treatment during the latter stages of the sinter-
ing cycle. Finally, a high-temperature treatment is performed
which is intended to maximize the coating density and insure
bonding to the substrate by solid-state diffusion. All of the
iridium, rhenium, and Ir-Re slurry coatings produced in this pro-
gram employed this general method. Copper was used for the me-
tallic vehicle in iridium-base coatings and Cu-Al for rhenium
coatings.

Liquid-phase sintering is obviously the most critical
part of the slurry coating process consisting of several steps in

both argon and vacuum. A typical sintering cycle for iridium,

rhenium, and Ir-Re coatings used in this program is as follows:
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2300°-2450°F in argon for 2-4 hr.
. 2050°F in vacuum for 1 hr.
. 2300°F in vacuum for 2 hr.
. 2400°F in vacuum for 1 hr.
. 3000°-3300°F in vacuum for 2 hr.

vt W

Step 1 provides collapse and densification through melt-
ing of the metallic vehicle of the slurry and the initial nuclea-
tion of the iridium coating on the substrate. The lower tempera-
tures were used for iridium and the higher temperatures for rheni-
um. If the temperature or time of Step 1 is too short, nonuniform
coating thickness results since portions of the coating tend to
segregate into areas of low liquid concentration. (An example of
this effect will be shiown subsequently.) Evaporation of metallic

vehicle is minimal during this step.

Metallic evaporation occurs primarily during steps 2-4.
The temperature of the initial vacuum treatment is lowered to re-
duce the evaporation rate from the high-copper liquid. If the
copper is evaporated at 2300°F, blisters and bubbles are formed
which cannot be removed by subsequent treatment. This causes non-
uniform coating thickness and discontinuities in the sintered
coatings. Removal of copper is completed in vacuum by increasing
the temperature as the copper content of the slurry is decreased
by evaporation. Normally, all of the copper in the slurry can be
removed by evaporation from coatings in the range of 3 mils within

the detection limits of gravimetric analysis.

One other effect is observed in the latter stage if cop-
per removal is performed too rapidly. Since copper has essential-
ly a zero contact angle on iridium, the residual copper tends to
be located at the grain boundaries at low copper concentration.
Removal of this copper results in delineation of the grain bound-
aries due to the localized shrinkage. Grain-boundary delineation
occurs in unalloyed iridium coatings, but iridium-rhenium slurry
coatings tend to be more prone to this effect. The effect is
similar to what is observed after high-temperature oxidation of

iridium. If it is severe, it can lead to grain boundary weakness
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causing ''craze cracking' of the coating. For this reason, the
latter stages of copper removal are as important as the initial
stages. To minimize this effect, an interim vacuum treatment at
2700°F for 1 hr was sometimes used before the final solid-state
sintering. ''Craze cracking' is easier to control on small test
coupons than on rocket nozzles where the rate of copper removal
is less controllable because of temperature gradients in the

nozzles,

Finally, the high-temperature vacuum treatment is in-
tended to provide maximum density and bonding to the substrate
by solid-state diffusion. It was found that 3000°F is adequate
for unalloyed iridium, but that 3300°F is required for Ir-Re
coatings due to the relatively high oxygen content of rhenium
powders (~1 w/o) and the relatively slow diffusion rates in the

iridium-rhenium system.(13)

All slurry coatings in this program were applied by
brushing in order to conserve iridium and rhenium powder. The
applied slurry compositions for iridium coatings were Ir-25 to 30
w/o Cu and Re-15 w/o (75Cu-25Al1) for rhenium coatings. It was
found during the current work that 30 w/o copper was optimum for
Ir-20 w/o Re coatings using the sintering cycle described pre-
viously. However, this composition may not be optimum under dif-
ferent sintering conditions since it was not possible to conduct
a wide variation of composition-temperature sintering studies

within the scope of this program.

A series of sintering studies was conducted on Ir-20Re
and Ir-30Re coatings using 25-40 w/o Cu and Cu-Al as the metallic
vehicle. All sintering studies were intended to develop a 3 mil
coating thickness. The typical sintering behavior illustrative
of these slurries is presented in Table XXV. These results rep-
resent only a portion of the sintering tests, since several dif-
ferent sintering treatments were conducted within the temperature
ranges summarized previously. The results in Table XXV indicate
that the weight losses slightly exceed the nominal concentration
of metallic vehicle. This is due to evaporation of the organic

vehicle during sintering.
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TABLE XXV

SINTERING BEHAVIOR OF IRIDIUM-RHENIUM SLURRIES

Applied
Slurry Slurry Sintering Coating Coating
Composition, Weight, Weight Loss, Weight, Thickness, *

wt g g 7 + mg/cm mils
Ir-20Re-25Cu 0.995 0.352 26.2 154 2.9
Ir-30Re-25Cu 1.112 0.361 25.1 171 3.2
Ir-20Re-30Cu 1.008 0.487 32.0 155 2.9
Ir-30Re-30Cu 1.562 0.485 31.1 165 3.1
Ir-20Re-35Cu 1.561 0.555 35.6 173 3.2
Ir-30Re~35Cu 1.518 0.541 35.8 162 3.0
Ir-20Re-40Cu 1.528 0.636 41.8 149 2.8
Ir-30Re-40Cu 1.5901 0.659 41.4 155 2.9
Ir-20Re-30Cu-2A1l 1.472 0.466 31.7 168 3.1
Ir-30Re-30Cu-~-2A1 1.692 0.606 35.7 181 3.4

+Calculated from weight loss after sintering.
*Calculated from coating weight after sintering.
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The surface appearance of sintered Ir-Re-Cu slurry
coatings are shown in Figures 32 through 34. These photographs
illustrate the various surface conditions described previously,
At 25 w/o copper, surface pitting due to copper bubbles is readi-
ly apparent. In 35 w/o copper ''craze cracks' are prevalent and
inadequate densification is apparent. Furthermore, the higher
rhenium slurries were considerably more difficult to sinter than
those containing 20 w/o rhenium at all copper concentrations.

The best surface condition was obtained on the Ir-20Re-30Cu sin-
tered coating, although some surface pitting was evident. This
was correlated by metallographic examination, as shown in the as-
sintered coating in Figure 35. The results of sintering studies
of Ir-Re coatings correlated with previous information of unal-
loyed iridium up to at least 20 w/o rhenium; 30 w/o copper is
normally used for unalloyed iridium coatings. Accordingly, this
process was used for the coating of the tungsten rocket nozzles
with the Ir-20Re/Re duplex coating. The Ir-20Re-30Cu-2Al sin-
tered coatings were nearly comparable in surface appearance to
the Ir-20Re-30Cu coating. However, it is preferable to avoid the
use of aluminum in iridium slurry coatings because it is more

difficult to remove by evaporation than copper.

As part of this task, an alternate approach to rhenium
slurry coatings was investigated. Application of the rhenium
layer by slurry technigues is the most difficult part of the du-
plex Ir-Re slurry coating process. High-density rhenium coatings
are much more difficult to obtain than iridium by the slurry pro-
cess, particularly on rocket nozzles. This is apparently due to
relatively high oxygen content of commercial rhenium powders. CVD
rhenium coatings produced by a proprietary process are available
from the San Fernando Laboratories. The use of CVD coatings as a
substitute for rhenium slurry coatings was therefore investigated
in this program.

Test samples of tungsten and Ta-10W were supplied to the
San Fernando Laboratories for coating with 3 mils of CVD rhenium,
Discussion with San Fernando personnel revealed that, although no
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Ir-20Re

Neg. No. 37270 X300

Fig. 35 - Microstructure of As-Sintered Ir-20Re
Slurry Coating on Tungsten.
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difficulties were anticipated with tungsten, Ta-10W substrates
could be subject to attack by the gaseous coating mediume(14)
In this event, it was agreed that a 0.1 mil layer of molybdenum,
or tungsten, could be applied prior to CVD deposition of rhenium,
The molybdenum layer should not be detrimental since molybdenum
has extensive solubility in both rhenium and tantalum. The fi-
nal sintering treatment during application of iridium slurries
should result in sufficient interdiffusion to cause alloying of

a thin molybdenum layer.

The surface appearance of CVD rhenium coated tungsten
and Ta-10W is shown in Figure 36. Rhenium coatings were rela-
tively smooth with only minor edge buildup; the microstructures
of these coatings on tungsten and Ta-10W are shown in Figure 37.
Metallographic samples were electroplated with nickel prior to
polishing. Metallographically, the applied rhenium was uniform
over the surface of the test samples and without internal defects,
but slightly less than the nominal 3 mils requested, particularly
on tungsten. Figure 37b does indicate that a thin layer exists be-
tween the rhenium and Ta-10W substrate, suggesting that a molyb-

denum interlayer was used.

Iridium slurry coatings were applied to CVD rhenium
coatings on tungsten and Ta-10W substrates using a Ir-30Cu slurry
and the sintering cycle previously shown. The surface appearance
of the iridium coating after sintering is shown in Figure 38, and
the microstructure in Figure 39. Figure 38 does indicate the uni-
form iridium coatings that can be obtained on CVD rhenium. Uni-
form coatings were also produced on tungsten-coated rhenium equiv-
alent to that shown for the Ta-10W sample. The sample in Figure
38b is shown because it illustrates a surface condition described
previously during the discussion of the sintering cycle used for
iridium coatings. The dark areas on the sample represent areas of
segregation of iridium and are due to a complex relationship be-
tween the applied coating thickness and the time and the tempera-
ture conditions of the first phase of the sintering step. The
applied slurry weight on the sample shown in Figure 38b was inten-
tionally greater than that normally applied for the iridium sin-

tering cycle.
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Neg. No. 36709

(a) Ta-10wW (b) Tungsten

Fig. 36 - Surface Appearance of CVD
Rhenium Coated Tungsten
and Ta-10W.
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Neg. No. 37356 X500
(a) CVD Re/W

Re

Ta-10W

Neg. No, 37357 X500
(b) CVD Re/Ta-10W

Fig. 37 - Microstructures of CVD Rhenium
on Tungsten and Ta-10W.
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Neg. No. 36707
(a) Ta-10W (b) Tungsten
Fig. 38 - Surface Appearance of Ir-30Cu Slurry

Coating on CVD Rhenium Coated Tungsten
and Ta-10W After Sintering.
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Ir

Re

Neg. No. 37271 X300

(a) Ir/Re/W

Ir

Re

Ta-10W

Neg. No. 37272 X300
(b) Ir/Re/Ta-10W

Fig. 39 - Microstructure of Iridium Slurry Coatings
Produced on CVD Rhenium Coated Tungsten
and Ta-10W.

105



The microstructures of the Ir/Re coatings shown in Fig-
ure 39 demonstrate that high-density uniform iridium layers can
be developed on CVD rhenium with the slurry process. These sam-
ples were not given the final high-temperature sintering treatment
at 3000°F, so that some very fine porosity is visible in the irid-
ium layers. This is also typical of iridium slurry coatings on
tungsten after a comparable sintering treatment. An indication of
alloying was evident at the Ir~Re interface in both coatings. The
results of sintering iridium slurry coatings on CVD rhenium demon-
strated that the CVD process is an acceptable, perhaps preferable,
alternative to slurry coating for the rhenium layer in Ir-Re du-

plex coatings.

A limited study of the workability of Ir-Re alloys was
also conducted to determine the feasibility of hot working arc-
melted buttons of Ir-20Re and Ir-33Re. Since unalloyed iridium
can be warm worked at 1200°-1500°F, the buttons were hot rolled at
1500°F with initial reductions of 1-2%. Both alloys cracked after
reduction of about 5%, although some ductile flow was evident on
both samples. Cracking was probably due to fracture along the as-
cast grain boundaries. Thus, improved rolling characteristics
could be expected at 1500°F if the as-cast structure were broken
down by upsetting or other techniques prior to warm rolling. While
the initial results were encouraging, further study of hot working
of iridium-rhenium alloys could not be accommodated in this

program.

2. Carbide Coatings

During previous work on this program, the feasibility of
developing hafnium-base carbide coatings was established.(z) It
was found that Hf-10 w/o Ta coatings with up to 4 w/o carbon could
be produced on tantalum by liquid-phase sintering of powders of
the individual constituents in argon at 3300°-3500°F., Tantalum
was added to improve the oxidation resistance through densifica-
tion of the oxide developed at high temperatures in oxygen atmos-
pheres. The metallic vehicle used was silicon, which was added in
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the range of 0.2 to 0.4 w/o. As the carbon concentration of the
coating increased, it was necessary to increase the silicon con-
centration to obtain dense coatings. Slurries containing greater
than about 5 w/o carbon could not be sintered into dense coatings;
above 5 w/o carbon sintering occurred, but the resulting coatings
contained increasing porosity with increasing carbon concentra-
tion. At 6 w/o carbon, the coatings consisted of a porous network

of carbides and unreacted carbon.

Work during the current year was intended to further in-
vestigate these carbide coatings and to produce coated nozzles for
engine firing tests. The previous slurries had been produced us-
ing microfine graphite powder. Because of the low density of car-
bon, the as-applied slurries were very thick at high carbon con-
centrations. The inability to produce dense coatings at high car-
bon concentrations (5-6 w/o) may have been due to the excessive
amount of shrinkage required during sintering to obtain high-
density coatings. Accordingly, current effort was intended to
study high-carbon coatings further using the following approaches:

(1) Increasing the carbon particle size in

slurries containing 5-6 w/o carbon.

(2) Increasing the silicon concentrations
of the slurries at 5-6 w/o carbon.

(3) Carburization of sintered coatings con=

taining 4-4.5 w/o carbon.

Sintering of carbide slurries is much less complex than
that of the iridium and rhenium slurry coatings previously des-
cribed. Like many brazing processes, it consists of simply fusing
the powder mixture to the substrate. Silicon is effective in pro-
ducing liquidation of hafnium-tantalum-carbon mixtures at tempera-
tures above 3300°F. This technique has been<$§§d by Lawthers for

sintering of Hf-Ta metallic slurry coatings. Since the con-
stituents are added in the slurry as elemental powders, nucleation
and growth of the carbide phase must occur. The final sintered
structure consists of small spherical particles of carbide in a

metallic matrix. Obviously, as the carbon content is increased,

107



the carbide volume fraction increases reaching about 70 v/o at
4.5 a/o C. The carbon concentration necessary to obtain a stoi-

chiomet carbide coating is about 6.2 w/o.

Slurries were made by blending elemental powders of the
coating constituents and brushing the slurries on tantalum cou-
pons. During application, the powders were suspended in an organ-
ic vehicle consisting of a mixture of collodion and nitrocellulose
lacquer. All constituents, including graphite, were -325 mesh
powders. The applied slurry weights were intended to develop sin-
tered thicknesses of both 10-15 and 20-25 mils (previous work had
been limited to coatings thicknesses of 10-15 mils)., After air
drying, test coupons were sintered in argon at 3300°F and 3500°F
for 2 hr., Weight changes were measured, and the sintered samples

were examined metallographically.

The results of sintering slurries containing 4-6 w/o
carbon and 0.3-1.5 w/o silicon at 3300°F and 3500°F in argon are
summarized in Table XXVI. Previous work had established that high-
density coatings could be produced at 4-4.5 w/o carbon, 0.4 w/o
silicon, and microfine graphite. Similar results were obtained
using -325 mesh graphite. All coatings exhibited some degree of
sintering at both 3300°F and 3500°F, but porosity was present at
5 w/o carbon and the coatings were friable at 6.0 w/o carbon. Gen-
erally, the higher silicon slurries tended to have higher sintered
densities, but none of the coatings approached the high densities
desired. Higher silicon concentrations were probably ineffective
because of the high evaporation rate of silicon at 3300-3500°F.
This was indicated by generally greater weight loss during sinter-

ing at higher silicon concentrations.

The majority of the weight loss during sintering was due
to evaporation of the organic vehicle., For Ir-base slurries,
weight losses due to the organic vehicle were normally in the range
of 1 w/o, while considerably higher weight losses were measured
for many of the carbide slurries. As a result, quantitative de-
termination of weight changes in terms of silicon evaporation
were difficult. Table XXVI shows that the percentage of weight
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losses for the various compositions is generally comparable at
both coating thicknesses. At 6 w/o carbon, some spalling of pow-
der may have occurred at low silicon levels, due to partial sin-
tering, resulting in the relatively high weight loss of these
coatings. Since all of the powders used for carbide slurries are
very reactive, it is possible that reactions with the organic ve-
hicle occurred during slurry application and outgassing of the
slurry during the sintering treatment. In fact, the possibility
of some additional carbon introduced by decomposition of the or-
ganic vehicle during outgassing cannot be discounted. Reaction
of the organic vehicle with carbon and/or silicon is a possibili-
ty since, in general, weight losses tend to increase with both
silicon and carbon concentration.

Further effort on sintering high carbon slurries was
discontinued after completion of the sintering studies shown. The
results indicated that although some improvement was possible by
further sintering studies, a more fruitful approach was carburi-
zation of sintered coatings containing 4-4.5 w/o carbon. Accord-
ingly, test samples of Hf-10Ta-4.0C-0.4Si and Hf-10Ta-4.5C-0.4S1i
were prepared as described above and sintered at 3500°F for 1 and
2 hr., Carburization was accomplished by applying a thin slurry
of microfine graphite and heating in argon at 3500°F for 2-4 hr,
The results of carburization are summarized in Table XXVII. It
was found during these studies that coatings in the range of 20-25
mils developed bubbles during sintering; no evidence of this ef-
fect had been observed with 10-15 mil thick coatings. Bubbling
was apparently due to entrapment of silicon vapor during sintering,
which can also cause isolated spherical porosity in sintered coat-
ings.

Table XXVII shows the weight gains during carburization
were measurable, although some additional silicon vaporization may
also have occurred, particularly for samples sintered at 3500°F
for 1 hr. This is shown by slight roughening of the surface, in-
dicating that partial melting occurred during carburization. For
this reason, the weight gains and calculated final carbon concen-

trations are probably conservative.,
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The typical surface conditions of 10-15 and 20-25 mil
Hf-10Ta-4.0C-0.4Si and Hf-10Ta-4,.5C-0.4Si coatings as-sintered
and after carburization are shown in Figures 40 and 41, respec-
tively. Although not clearly shown, carburization converts the
metallic as-sintered coatings to a darker gray surface appearance.
Bubbles are readily apparent in 20-25 mil coatings, particularly
after carburization.

The microstructures of the Hf-10Ta-4.5C-0.4Si slurry
coating after initial sintering and carburization are shown in
Figure 42. Both structures appear similar since carburization
does not alter the sintered structure; carburization only con-
verts the metal matrix of sintered coatings to a complex Hf-Ta
carbide. Although evident in both coatings, porosity was re-
duced by the carburization treatment. Pores present in the coat-
ings were generally isolated within the coating and are therefore
less detrimental than if they were connected to the surface.

It was intended to coat rocket nozzles with a minimum
carbide coating thickness of 20 mils., However, the carburization
studies revealed that bubbling could be expected for coating thick-
nesses in the range of 20-25 mils. Accordingly, the possibility
of overlaying two 10-mil coatings of Hf-Ta-4.5C-0.4Si was investi-
gated; weight changes during sintering of the duplex process are
shown in Table XXVII. The surface appearance and microstructure
of a duplex coated 20-mil carbide coating is shown in Figure 43.
No evidence of bubbling was apparent and, furthermore, the success
of this technique suggested that repair of defects in coated noz-
zles would be relatively easy. This technique was therefore used
for coating the Ta-10Wnozzles described in the following section.

C. Test Nozzle Fabrication

During this year, eight tungsten and Ta-10W rocket noz-
zles were coated with the systems developed both during the cur-
rent and previous years. The coated components (nozzle, thrust
chamber, and flange) had a maximum overall weight of 6 in. These
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Ni

(Hf-10Ta)C

Ta-10W

Neg. No. 37268 X125

(a) As Sintered

Ni

(Hf-10Ta)C

Ta-10W

Neg. No. 37526 X125

(b) Carburized at 3500°F-2hr.

Fig. 42 - Microstructures of 10 mil Hf-10Ta-
4.5C-0.48i Slurry Coating on Tan-
talum As-Sintered and After Car-
burization.
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LUS.A.

Neg. No. 36708

Neg. No. 37308 X125

Fig. 43 - Duplex Hf-10Ta-4.5C-0.4Si Carbide
Coating on Tantalum As Sintered.
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ncezzles were hot spun by Fansteel Metallurgical Corporation on
Contract NAS7~417‘<l6> Their dimensions were limited to about 6
in. due to the size of the furnace hot zone, 6 in, long x 4 in.
in diameter. The actual lengths of nozzles received for coating
were about 5 in. for tungsten and 6.1 in. for Ta-10W. These di-
mensions resulted in an effective coating surface area, including
both 0D and ID surfaces, of 330 cm2 (51 in.z) for tungsten and
440 cm2 (67 in.z) for Ta-10W nozzles. A photograph of a Ta-10W

rocket nozzle as received is shown in Figure 44.

The rocket nozzles were coated in two groups. At the
beginning of the current work, three Ta-1l0W and two tungsten noz-
zles were coated with the Ir-Re duplex coating developed during
the previous year;‘z) One of the Ta-1l0OW nozzles was sectioned
for metallographic examination after coating. The remaining noz-
zles were scheduled for engine firing tests at the TRW Systems
Group, using hydrazine-nitrogen tetroxide propellants, under Con-
tract NAS7~46O.(17) |

At the completion of the current slurry coating studies,
two Ta-10W nozzles were coated with the carburized Hf-10Ta-4.0C-
0.45i slurry coating, and two tungsten nozzles were coated with
one Ir-Re and one Ir-20Re/Re slurry coating. These nozzles were
to be evaluated in fluorine-containing propellants by the Mar-
quardt Chemical Co. under Contract NAS7-555.

Summaries of the coating thicknesses produced on these
nozzles are presented in Tables XXVIII and XXIX., Nozzles Cl, C2,
Bl, and B4 are to be fired on Contract NAS7-460, and nozzles C3,
C5, B7, and B8 in fluorine-containing propellants on Contract
NAS7-555. The duplex Ir-Re coated nozzle Bl was sectioned for me-

tallographic examination.

1. Ir-Re Coatings

The Ir-Re duplex coatings were applied by the slurry
techniques described in Section II-B. Nozzles and nozzle inserts
coated previously in this program did not include the thrust cham-
ber; the maximum length was about 3.5 in. It was found that
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TABLE XXVII

SUMMARY OF IRIDIUM-BASE COATING THICKNESS ON
ROCKET NOZZLES SCHEDULED FOR ENGINE FIRING TESTS(a)

Applied Applied Calculated

Sur- Rhenium Iridium Average
Nozzle face Coating Coating Thickness,
Identi- Coating Area, Weight, Weight, mils
fication Substrate System cm® g g Re Ir
cl Tungsten Ir/Re 330 62.0 47.0 3.3 2.5
c2 Tungsten Ir/Re 325 53.5 55.0 2.9 3.0
Bl Ta-10W Ir/Re 435 64.0 74.0 2.6 3.0
32()  Ta-10w Ir/Re 440  62.0  75.0 2.5 3.0
84(¢)  Ta-10w Ir/Re 440  53.0  60.0 2.1 2.4
CB(C) Tungsten Ir-20
Re/Re 330 50.0 48.0 2.7 2.6
C5<C) Tungsten Ir 330 -- 54,5 -- 2.9

(a)Nominal thickness - 3 mils for both Ir and Re.
(b)Ir applied in two cycles.
(C)Both Ir and Re applied in two cycles,

TABLE XXIX

SUMMARY OF CARBIDE COATING THICKNESS ON
ROCKET NOZZLES SCHEDULED FOR FIRING TESTS

Weight
Applied Calculated Change Calculated
Nozzle Coating Average During Carbon
Identi- Sub- Weight, Thickness, Carburization, Content,
fication strate g mils g %
B7 Ta-10w  223(2) 19 3 5.5+
B8  Ta-l0w  225(2) 19 3 5.5+

(a)Duplex coated; two nominal 10 mil coatings.
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larger nozzles in the current work required a modified coating
technique. Initially, the rhenium coatings were applied on both
the OD and ID surface in one sintering cycle. A similar proce-
dure was used for the subsequent iridium coatings. This tech=-
nique was used on nozzles Cl, C2, B2, and for the rhenium layer

coating on nozzle BZ.

It was found that a difference in sintering behavior was
apparent on the ID and OD surfaces. Generally the OD surface had
better surface appearance than coatings on the ID surface, parti-
cularly for the rhenium coating. This was apparently due to a
difference in surface temperature during sintering. The OD sur-
face was heated by direct radiation from the furnace element,
whereas the ID surface was heated by conduction in a vacuum and a
combination of conduction and convection during sintering in argon
atmospheres. The W/Re control thermocouple was located near the
throat on the ID of the nozzle; consequently, the improved sinter-
ing behavior of the OD surface was apparently due to a higher sur-

face temperature.

Accordingly, subsequent duplex coatings were applied in
a two step process in which OD and ID coatings were applied indi-
vidually. In addition, a 100°F higher temperature was used as the
initial step of sintering (collapse cycle) for ID coatings. This
technique was effective in obtaining nearly comparable surface ap-
pearance on both OD and ID surfaces. The point of junction for
the two coating cycles was located on the OD of the nozzle about
0.5 in. from the nozzle exit. At this point, the individual coat-
ings, as applied, were overlapped for a distance of about 0.25 in.
No difficulties were observed with this technique, and it was used
for nozzles B4, C3, C5, and for the iridium coating of nozzle B2.

All slurries were applied by brushing in order to con-
serve both iridium and rhenium powder. First, the slurries were
prepared in the appropriate proportions and weight to obtain the
desired coating thickness over the total nozzle surface, and
blended by tumbling in a glass container for 16 hr. The blended
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slurries were then halved, suspended in the organic vehicle, and
applied individually to the ID and OD surfaces. Equal slurry
weights were applied to both ID and OD. Because of lesser sur-
face area, the average sintered coating thickness was about 10%
greater on the ID surface. The nominal coating thickness was

3 mils for both rhenium and iridium-base coatings.

Rhenium slurries were applied by brushing a Re-11,5Cu-
3.5A1 slurry on the nozzle surface. During slurry application,
the nozzle was slowly rotated in a horizontal plane to improve
uniformity of the as-applied slurry. This technique was intended
to minimize the tendency toward deposition of a thicker slurry at
the throat inlet, as was observed in previous slurry-coated noz-
zles. The sintering cycle for the rhenium slurry coating con-
sisted of an initial sinter in argon at 2300-2400°F followed by a
vacuum treatment at 2190-2400°F to remove the Cu-Al metallic ve-
hicle., A final sinter was conducted in vacuum at 3300°F for 1 hr
to insure bonding of the rhenium coating to the substrate as well
as to provide additional sintering of the coating.

Iridium and Ir-20Re coatings were produced using the
Ir-30Cu and Ir-20Re-30Cu slurries described in Section IIB. The
slurry application techniques were identical to those used for
rhenium. Sintering was conducted at 2200-2300°F in argon followed
by vacuum treatment at 2190-2300°F. The final sinter was also

conducted in vacuum at 3300°F,

Photographs of Ta-10W nozzles coated with rhenium and
the Ir-Re duplex coatings are shown in Figures 45 and 46, respec-
tively. Tungsten rocket nozzles with the iridium, rhenium, Ir/Re,
and Ir-20Re/Re coatings are shown in Figures 47, 48, 49, and 50,
respectively.

The Ir/Re duplex coated Ta-1l0W nozzle Bl was sectioned
for metallographic examination. This nozzle was selected because
it had the roughest ID surface appearance of the three Ta-1l0W noz-
zles. Furthermore, it was the first Ta-1l0W nozzle on which the

iridium external coating was applied in a single sintering cycle.
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Fig.45 - Ta-10W Rocket Nozzle B2 Coated
with Rhenium Slurry Coating.
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Neg. No. 36673

Fig. 48 - Tungsten Rocket Nozzle C3
Coated with Rhenium Slurry
Coating.
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Neg. No. 35148

Fig. 49 - Tungsten Rocket Nozzle C2
Coated with Ir/Re Duplex
Slurry Coating,
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Neg. No. 37033

Fig. 50 - Tungsten Rocket Nozzle C3
Coated with Ir-20Re/Re
Duplex Slurry Ceating.
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The remaining two Ta-10W nozzles to be evaluated in engine firing
tests were duplicates as desired, at least in that the external

protective iridium coating was applied by the same process,

The Bl nozzle was electroplated with nickel prior to
sectioning for metallographic examination. Rather than remove
metallographic samples at several locations, the nozzle was ini-
tially sectioned transverse to the nozzle axis through the thrust
chamber and then parallel to the axis for the full length of the
nozzle. One half of the nozzle section was then metallographical-
ly polished for examination. This technique permitted examination
of the full nozzle cross section from the thrust chamber to the
nozzle exit, It did have the disadvantage that the relatively
large sample could not be polished easily., Therefore, there was
some question whether all of the effects of sectioning were re-
moved by subsequent polishing.

The typical microstructure of the Ir/Re duplex coating
on the Bl Ta-10W nozzle is shown in Figure 51. This photomicro-
graph represents the sintered coating on the ID at the entrance to
the nozzle throat. The surface shown is not located at right
angles to the substrate, therefore, coating thicknesses cannot be
determined accurately from the magnification. Porosity is evident
in both the iridium and rhenium layers, although the large pores
in the iridium layer may be exaggerated as a result of sectioning.
A clearly defined interface is apparent between the iridium and
rhenium layers. The rhenium layer contains a relatively uniform
distribution of fine porosity. Larger pores exist in the iridium
layer, particularly at the interface with the rhenium layer. This
is probably due to formation of a Ir-Re alloy layer during the slur-
ry sintering treatments. Other localized defects are also evident
in the main body of the iridium layer. As previously discussed,
there may have been an increase in pore size in these areas be-
cause of sectioning. Furthermore, the use of a separate sintering
cycle for the iridium external layer should have provided improved

density of the iridium coatings on nozzles B2 and B4,

129



Ir

Ir/Re

Re

Re-Ta

Ta-10W

X250

Neg. No. 36593
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2. Carbide Coatings

Rocket nozzles B7 and B8 were coated with the carburized
Hf-10Ta-4.5C-0.4Si coating described in Section IIC. Slurry prep-
aration and application was the same as that used for iridium and
rhenium coatings. All powders were-325 mesh and slurries were ap-
plied by brushing. Carbide coatings were applied and sintered as
two 10 mil layers to eliminate the possibility of blistering ob-
served during sintering of 20-25 mil coatings. Because sintering
of carbide is not temperature sensitive above 3300°F, both OD and
ID were coated in a single sintering cycle. The maximum stable
temperature obtainable in the furnace was 3350°F with the large
nozzles. Accordingly, both sintering and carburization was per-
formed in argon at 3350°F (ID temperature) for 2 hr. Finally, the
nozzles were cleaned ultrasonically in alcohol to remove residual
graphite on the surface prior to weighing for total carbon calcu-
lations.

The typical surface condition of the carbide coated noz-
zles as sintered and carburized are shown in Figures 52 and 53,
respectively. Calculated coating thickness on these nozzles was
about 19 mils and the final carbon content 5.5 w/o as shown in
Table XXIX.

IIT. SUMMARY

Work during the current year on this program consisted of
four areas of investigation. These areas included: (1) oxidation-
corrosion studies, (2) development of Ir-Re/Re duplex coatings for
tungsten and Ta-1l0W, (3) development of (Hf-10Ta)C coatings for
tantalum base alloys, and (4) coating of rocket nozzles for en-
gine firing tests.

Oxidation-corrosion tests were conducted on eight refrac-
tory materials in flowing oxygen, fluorine, hydrogen fluoride,
fluorine-oxygen and hydrogen fluoride-oxygen atmospheres at 3000°-
5500°F, The materials evaluated included tungsten, iridium,

Ir-33 w/o Re, rhenium, ATJ graphite, HfC-33 v/o C, TaC-20 v/o C,
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and ZrBZ-SiC~C. Surface recession rates in 6.5 v/o fluorine and
10 v/o hydrogen fluoride measured in previous programs were ex-
tended to at least 5000°F, or the melting point of the material.
Oxidation atmospheres consisted of 2.3 to 5.4 v/o oxygen. The
combined environments were 6.5 v/o F2~4.0 v/o 02, 6.5 v/o F,-
5.4 v/o 02, 10 v/o HF-0,56 v/o 02, and 10 v/o HF-2.3 v/o 02,

Oxidation-corrosion tests showed that the iridium and
Ir-33Re had the lowest recession rates to their respective melting
points of 4450°F and 4750°F in all environments. At 5000°F, rheni-
um had the lowest recession rates in the combined environments.
The highest recession rates in fluorine-oxygen at 5000°F were meas-
ured for ATJ graphite, HfC-33 v/o C, and TaC-20 v/o C. ZrB,-81C-C
could not be exposed above approximately 4300°F because of melting
of the composite. Oxidation-corrosion tests indicated that, in
general, materials which have only gaseous reaction products were
resistant to the combined environments only in the temperature
range in which they were resistant to the individual environments.
The surface recession rates of materials which form solid oxides
(carbide and boride composites) were likely controlled by the rate
of oxidation, at least above about 3500°F.

Study of the sintering characteristics of Ir-Re/Re
slurry coatings was conducted based on previous work on iridium
and Ir/Re coatings. It was found that the sintering characteris-
tics of Ir-20Re-30Cu slurry coatings were similar to unalloyed
iridium, High density Ir-30Re coatings could not be obtained us-
ing a copper vehicle and under the sintering conditions used for
iridium and Ir-20Re coatings. Iridium-rhenium coatings were more
prone to surface defects and incomplete sintering than were unal-
loyed iridium coatings. Limited study of Ir/Re duplex coatings
produced by iridium application by the slurry technique on CVD
rhenium demonstrated that uniform defect free coatings are obtain-
able by this method.

Investigation of sintered carbide coatings for tantalum-
base alloys was based on previous work on these coatings. Carbide
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coatings based on Hf-10Ta containing 4-4.5 w/o C and 0.4 w/o Si
were produced by sintering in argon at 3300°-3500°F., High densi-
ties could not be obtained in Hf-10Ta-C-Si slurry coatings above
4.5 w/o C in slurries containing up to 1.5 w/o Si. It was found
that slurry coatings containing 4-4.5 w/o C,greater than 20 mils
in thickness after sintering,developed ''blisters' during the sin-
tering process. To eliminate this effect, 20 mil carbide coat-
ings were produced by two-step application and sintering of 10 mil
coatings. Carburization of 4-4.5 w/o C coatings by solid-state
diffusion after sintering was effective in increasing the total
carbon content to at least 5.5 w/o. Carburization was accom-
plished by applying a carbon slurry and heating in argon at 3350°-
3500°F for 2 hr.

Eight tungsten and Ta-10W rocket nozzles were coated
with the iridium, Ir/Re, Ir-20Re/Re, and carbide slurry coatings
for engine firing tests. These nozzles consisted of both nozzle
and thrust chamber having an overall length up to 6 in. and 440
cm2 (68 innz) coated surface area. Two tungsten and two Ta-10W
nozzles coated with the Ir/Re duplex slurry coating were to be
fired in hydrazine-nitrogen tetroxide propellant on Contract NAS7-
460, The fifth Ir/Re duplex coated Ta-10W nozzle was sectioned
for metallographic examination after sintering.

The four remaining coated rocket nozzles are to be eval-
uated in a fluorine-containing propellant system on Contract NAS7-
555. Rocket nozzles prepared for these firing tests included two
Ta-10W coated with the carburized Hf-10Ta-4.5C-0.4Si slurry coat-
ing. Two tungsten nozzles, one coated with the iridium and the
other with the Ir-20Re/Re duplex coating developed in the program,
will also be evaluated in the fluorine propellant system.
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